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A further advance in 


SEMICONDUCTOR 
POWER RECTIFIERS 


«as 


_ Crest working voltage 300 volts 


Associated Electrical Industries announce the development of 
germanium power rectifier cells which, with a current rating 
of 40 amperes and a voltage drop of 0.5 volt during the 
conducting period, are suitable for a crest working voltage 
of 300 volts. 

Cells of this type are in regular production and have been 
thoroughly proved in service. Like all A.E.I. semi- 
conductor power rectifier cells, they can readily be 
connected. in series and in parallel as required without 
additional load-balancing circuits. 

These high-voltage A.E.I. cells further extend the 
economic field of semiconductor power rectifier 
application, and over 100,000 kW are already 

installed or on order. 

Write for further information and technical advice 

to Power Rectifier Sales Department, Rugby. 


ASSOCIATED ELECTRICAL INDUSTRIES LIMITED | 


RUGBY AND MANCHESTER, ENGLAN 


A5396- eae 


de Nos 


HEAVY PLANT DIVISION 
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-BAND : 
NOISE TUBE 


Noise Power excluding image 
frequency contribution.....................15°25 db 


Operating Current ............0.0.........35 mA 
Overall Length. 6 38" 
Base Diameter ................0....::0:0:-- 0°64" 


Discharge Tube Diameter..................0°185’ 
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service to 
| transformer 
oil users 


When you use ILO Electrical Oil, you benefit in three 
ways—from a product which maintains consistently high 
quality, from the advice of experienced technicians and 
from such facilities as this self powered, 1000 gallon/hour 


Mobile Filter Unit, for the treatment of degraded oil! on site. 


ELECTRICAL OILS 


WAKEFIELD-DICK INDUSTRIAL OILS LTD., Castrol House, Marylebone Road, London, N.W.1. HUNTER 4455 
Member of the worldwide Wakefield Castro! Organisation 
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St Fitlans Power Station. Consulting Engineers: Messrs. Kennedy & Donkin. Photograph by courtesy of The North of Scotland Hydro-Electric Board 


e First Air-break switchgear 


Hi-kV 500-MVA controlling the main 


= plant at St. Fillans is 
air-break 


also widely used for 
circuit-breakers Power-station auxiliaries 


have now been i 


for almost Rey rol ic 


in continuous service 


two years | : 


A. REYROLLE & COMPANY LIMITED - HEBBURN - COUNTY DURHAM - ENGLAND ~ 


3Q production— Quality, Quantity 
—Quickly! That’s the ideal pro- 
duction combination for semicon- 
ductors we’ve now achieved with 
G.H.C.-originated manufacturing 
processes. And it’s because these 
new processes have so revolu- 
tionised our production that you 
can be sure of getting the G.E.O. 
devices you want—when you want 
them! We offer you the widest 
range in the country—at really 


competitive prices too! 
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PRODUCTION? 


G.E.. original processes 
now achieve 


QUALITY QUANTITY QUICKLY 


G.E.C. has been first with 
all these achievements! 
Microwave detectors and 
mixers 

Point contact diodes 


Cold-welded copper-to- 
copper sealing 


Copper sealing glass 


85°C. junction temperature 
for germanium 


12amp. power transistor 


Watch for future 
advertisements describing 
these and other new G.E.C. 
developments 


QUALITY - QUANTITY - QUICKLY — 
SEMICONDUCTORS 


For information on the range of G.E.C. semiconductor devices please write to: G.E.C. ‘Semiconductor Division, 
School Street, Hazel Grove, Stockport, Cheshire, or in London area. phone: TEMple Bar 8000, Extension 19. 
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MEAT EXCHANGE 
RQUIPMEANT 


FOR THE ELECTRICAL INDUSTRY 


Retubing a main condenser 
with thirty-five tons of SERCK 
Aluminium Brass condenser 
tubes at Deptford West 
Power Station. 


lee ed @ Transformer Oil Coolers (Air and 
water cooled) 


@ Airto Air Coolers for Transformers 


@ Water Cooled Air Coolers for 
Alternators and Motors 


@ Hydrogen Coolers for Alternators 
® Air to Air Coolers for Motors 
@ Valve Coolers 


© NON-FERROUS CONDENSER 
TUBES 
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switchgear 


Wo 


W.C.2 


House, STRAND, LONDON, 


MARCONI 


Switchgear Department, Stafford 


HE ENGLISH ELECTRIC Company LIMITED, 


EH 


ACCRINGTCN 


LIVERPOOL 


BRADFORD 


. 


RUGBY 


STAFFORD D PRESTON 


WORKS 


S$GS.28A 
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the 
homes 


fund 


The ‘Chesters’ 
Residential Estate 
at New Malden, 


—- 


Surrey, was opened 
on the 18th May, 
1951, and the pic- 


ture shows some of the first 16 of 


the 26 homes, which are intended for 
members of The Institution or their depen- 
dants whose needs have come to the notice 


of the Governors of the Benevolent Fund. 


---> £6,000 is still needed € - -- 
to reach the £50,000 target 


i= 
| 

CONTRIBUTIONS HOWEVER SMALL ARE WELCOMED AND MAY 
7 BE SENT TO THE HON. SECRETARY OF THE INCORPORATED 
BENEVOLENT FUND, SAVOY PLACE, LONDON, W.C.2, OR HANDED 
| TO ONE OF THE LOCAL HON. TREASURERS OF THE FUND. 
L 
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neENAN 


CLOSED CIRCUIT 


AIR 
OOLER 


Lengthy experience in practical design 
Wide variety of ducting and damper layouts 
Highly efficient cooling surfaces 
Heavy and robust construction 
Special attention to ease of access and maintenance 


HEENAN & FROUDE LIMITED 6 WORCESTER 6 ENGLAND 
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When Quality is the 
vital deciding factor 


Yo PURBELAIN 


is the outstanding 
NAME in the field of 
HIGH VOLTAGE 
INSULATION 


230kV high pressure oil-filled cable 
terminal designed by the H.V. 
Engineering Department, Canada 
Wire and Cable Company Limited, 
Toronto, Canada, using porcelains 
supplied by Taylor, Tunnicliff. Hy- 
draulic routine test: 5501b./sq. in. 


ew es 


Wherever a new project calls 
for High Voltage Insulation 


CONSULT 


TAYLOR TUNNICLIFF | 
AND CO. LTD. 
Head Office: EASTWOOD - HANLEY : STOKE-ON-TRENT 

Telephone: Stoke-on-Trent 25272-5. | 
London Office: 125 HIGH HOLBORN, W.C.1. Tel: Holborn 1951-2 | 


Telephone: Teversham 3131 


PYE TELECOMMUNICATIONS LIMITED, NEWMARKET ROAD, CAMBRIDGE. 


Telegrams: Pyetelecom Cambridge 
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Radiotelephones 
Keep The Power 
Flowing 


More and more electricity authorities 
throughout the world are introducing 
Pye radiotelephone systems to in- 
crease efficiency and improve their 
service to consumers. 

The Pye range of A.M. and F.M. radio- 
telephone equipment is the most 
comprehensive in the world. There is. 
a Pye radiotelephone to suit all system 
or specification requirements. 

Our Sales Engineering department is: 
ready to study your fixed and mobile 


communication problems. 
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URING their occupation of Britain (A.D. 50-— 


| A.D. 410), the Romans built themselves homes 
of great beauty. They brought from Egypt the art of 
brick-making — an art which disappeared when the 
Dark Ages came, and which was not recovered in 
England until the 13th Century. In architecture, as in 
many other fields, the Romans set a standard which 
few have equalled since. In cable making too, standards 


are of vital importance. For over 100 years members 


MEMBERS OF THE C.M.A. 


British Insulated Callender’s Cables Ltd - Connollys (Blackley) Ltd. 
Enfield Cables Ltd W. T. Glover & Co. Ltd Greengate & 
Irwell Rubber Co. Ltd W. T. Henley’s Telegraph Works 
Co. Ltd + Johnson & Phillips Ltd - The Liverpool Electric Cable 
Co. Ltd + Metropolitan Electric Cable & Construction Co. Ltd. 
Pirelli-General Cable Works Ltd. (The General Electric Co. Ltd.) 
St. Helens Cable & Rubber Co. Ltd - Siemens Edison Swan Ltd. 


Standard Telephones & Cables Ltd - The Telegraph Construction & 
Maintenance Co. Ltd. 


(iii ) 


A Roman villa, A.D. 400. 


of the Cable Makers Association have been concerned 
in all major advances in cable making. Together they 
spend over one million pounds a year on research and 
development. The knowledge gained is available to 
all members. This co-operation has contributed 
largely to the world-wide prestige that C.M.A. cables 
enjoy, and it has put Britain at the head of the world 
cable exporters. Technical information and advice 


is freely available from any C.M.A. member. 


Insist on a 
cable with the 


C.M.A. label 


The Roman Warrior and the letters‘C.M.A.’ are British Registered Certification Trade Marks. 


CABLE MAKERS ASSOCIATION 


CABLE MAKERS ASSOCIATION, 52-54 HIGH HOLBORN, LONDON, W.C.1. TELEPHONE HOLBORN 7633 


CMA 22 
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AT BRITAIN’S HIGHEST 
EFFICIENCY POWER STATION 


Right: 

Photograph showing 
megawattmeters at Castle 
Donington in June 1959, 
registering unit outputs of 
approximately 102, 100, 102, 
99, 98, 99 megawatts. 


WITH all its six 830,000 lb./hr. Babcock Radiant boilers on full load 
by June 1959, Castle Donington power station (C.E.G.B. East Midlands 
Division) was the first British station with 100 MW boiler/turbine 


units to come into full operation. 


This station has also topped the efficiency table with an overall 
thermal efficiency of 32°9% and monthly averages reaching 33°33%. 


The boilers have put up a first-class performance, available figures 
showing individual units operating at load factors over 90% 
with availabilities of the same order. 


The 960 tons/hr. coal handling plant, the ash and dust handling 
system and the boiler control equipment for this outstanding station 
were also supplied by the Babcock organization. 


See a evaigi=_  STEAM-RAISING PLANT 


BABCOCK & WILCOX LTD, BABCOCK HOUSE, 209 EUSTON ROAD, LONDON, N.W.I! 
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HEWITT Tic 


GERMANIUM 
RECTIFIERS 


employing Hewittic 
germanium rectifier diodes 


After 50 years experience in the produc- 
tion of high power mercury arc rectifiers 
the Hackbridge and Hewittic Electric 
Company has now in operation extensive 
facilities for the complete manufacture 
of germanium rectifiers. Silicon equip- 
ments can also be supplied. 

Send for Publication R193. 


Illustrations : 
Top. Machine for pulling crystals from the melt. 
Centre. Electrical measurements and testing room. 
Bottom. The Hewittic air cooled germanium diode, 


HACKBRIDGE & HEWITTIC 
ELECTRIC CO., LIMITED 


~WALTON-ON-THAMES, SURREY, ENGLAND 


Telephone: Walton-on-Thames 288335 (8 lines) Telegrams & Cables: ‘‘Electric, Walton-on-Thames"’ 


NS es da Vitor NEW OnenEe ye A. Roberts & Cia., S.R.L., Buenos Aires. AUSTRALIA: Hackbridge and Hewittic Electric Co., Ltd., 171, Fit: 
pee sy Hecece eer cane LUXEMBOURG. tee Elder, Smith & Co. Ltd.; South Australia: Parsons & Robertson Ltd.: Tasmania: H. M. Bamford’ & So = 
yt faconees LOT CTG ieckbiee ats x: Pierre Pollie, Brussels 3. BRAZIL: Oscar G. Mors, Sao Paulo. BURMA: Neonlite Manufacturin & an dine 
Colaba CHILE: Soundaa Ee aad ee woe Electric Co. of Canada Ltd., Montreal; The Northern Electric Co. Ltd., Montreal,etc. CEYLON: Env Be Lede 
ERD Shee hone Po) 2 oa e — 2 Ltda., Santiago. EAST AFRICA: G. A. Neumann Ltd., Nairobi. EGYPT: Giacomo Cohenca Fils, $ ‘AE. Cai ,, 
FINTAND: Sthkoyja, Koneliike O.¥. Hermes, Helsinki. GHANA, NIGERIA & SIERRA LEONE: Glyndova Ltd. GREECE: Charilaos C. Coroncos, Athiny 
ee pean es ip a Oui Oe Ltd., Calcutta; Easun Engineering Co. Ltd., Madras 1. IRAQ: J. P. Bahoshy Bros Baghd q. “MALAYA: 
McCabe & Co. Ltd., Wellington ec. PAKISTAN: tig Ramah Ree ce Matick 3 SOUTH Menthe ad. Amstel. NEW ZEALAND: Richardson 
CENTRAL AFRICAN FEDERATION: Arthur Trevor Williams (Pty.) Ltd., Salisbury. THAILAND: Vichien PhanichCo Uige Banker: RINIDAD & TOH ‘GO: 


Thomas Peake & Co., Port of Spain. TURKEY: Dr. H. Sali : i itti ; 
Pennsylvania. WENEZUELA: Oficina de Ingenieria Bickel ones ne U.S.A.: Hackbridge and Hewittic Electric Co. Ltd., P.O, Box 234, Pittsburgh 30, 
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H. C. COPPER 
and “COMBARLOY” 
COMMUTATOR BARS 
and SEGMENTS 


SAWING COMMU OR SEGMENTS TO SHAPE. 


All sizes and sections; Bars in random 
or exact (single and multiple) lengths; 
Segments sawn or stamped to shape. 
Stepped and other special sections. 
Double taper bars. 


THOMAS BOLTON & SONS LTD 


Head Office: MERSEY COPPER WORKS, WIDNES, LANCASHIRE 


Telephone: Widnes 2022 Telegrams: “Rolls, Widnes”’ 
London Office and Export Sales Department: 168 Regent Street, W.!. 


CHECKING FINISHED SEGMENTS FOR 
THICKNESS AND TAPER. Telephone: Regent 6427 Telegrams: Wiredrawn, London 


SAE 


Witte 


300 KW at 


600 kW, 
230/240 V, 3-cylinder 


530 V rectifier in 


\estern Australia. 


pumpless air-cooled The first of its kind 


steel tank rectifier installed underground 


(300 ft. below) 


installation at a 


British steelworks. in Australasia. 


A 400 kW, 225V, G.E.C. grid-controlled pumpless air- 
cooled steel tank rectifier equipment undergoing “inclining 


test’. This equipment formed part of a comprehensive 
contract for a large floating dock for the Admiralty, for 
which the G.E.C. acted as main machinery contractor. 
The rectifiers have to function perfectly under the 
conditions illustrated. 


tt 


1224 kW 


mobile rectifier 


and substation 
specially designed ~ 


tor service with 


the Netherlands 


‘Railways. 


pioneers 


and world 


leaders in. 


this field 


Single anode air- 


cooled steel tank, grid 


controlled rectifiers, 
controlling 220 kW 


driving equipment 


for high-speed printing 


press in Capetown. 


It was less than thirty years ago that GEC. 


‘pioneered the first water-cooled rectifier of . ‘ 


wholly British design. Only five years later S | 


G.E.C. produced the world's first. pumpless a 
air-cooled steel tank unit. 7 
Today over a million eats of GE. C. 
rectifiers are serving a diversity of gees 
all over the globe .. . operating under every 
climatic condition, from tropical heat and : 
humidity to polar extremes of cold. ‘ 
Some operate on a six. month continuous 
full load duty cycle, others oe But 
wherever they serve, they can be depended S 
upon for that consistent reliability ae which 


G.EH.C. rectifiers are ‘renowned. 
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Dirt and dust are swiftly 
collected by Sturtevant plant 
from all surfaces—floors, walls, 


is VACUUM CLEANING PLANT 


machinery and instruments FOR 

are safely cleaned, and dust is 
efficiently extracted from Pp OWE R STAT j O ry S 
boiler flues. 


Write for further particulars to our reference Z[101]/N 


STURTEVANT ENGINEERING CO. LTD., SOUTHERN HOUSE, CANNON STREET, LONDON, E.C.4 
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Resistance 
is expensive... 


It’s a matter of cash. You must have efficient dust collection nowadays, but 

some equipment costs you a fortune in extra fan power because 

of high resistance to gas flow. With high-efficiency electro-precipitation 
there is negligible resistance to gas flow—usually about }’” w.g. Therefore 

the extra fan power needed to boost gas flow is very much 
less than with any other equipment capable of trapping particles 
smaller than 10 microns, with an efficiency of over 90%. Just look 

at the graph to see what resistance can cost you. 


AVERAGE RESISTANCE THROUGH COLLECTOR—INCHES W.'G. 


£200,000 
£190,000 |e 
£180,000 |e 
£170,000 


Assumed :— 


£160,000 3 | year=8,000 hours ES 
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£140,000 “| KWH costs |- 2d. 
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COST OF ADDITIONAL FAN-POWER OVER 10-YEAR PERIOD 


PRECIPITATOR BAG-FILTER FIBRE-PACK FILTER 


CYCLONE WET SCRUBBER VENTURI SCRUBBER 


Using alternative dust-collecting equipment, for a gas volume of 100,000 c.f.m. 
the cost of extra fan power over ten years will be anything from £30,000 to £100,000. 
Using an electro-precipitator, for the same volume of gas the cost over the same period 
is less than £5,000. High-efficiency electro-precipitation can save you thousands of 
pounds a year. 


HIGH-EFFICIENCY ELECTRO-PRECIPITATION BY 


Simon-Carves Ltd & 


STOCKPORT, ENGLAND 
And at - CALCUTTA » JOHANNESBURG.- SYDNEY + TORONTO 


$C211 
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Over 1,000 
multi-circuit VHF 


junction radio equipments 
in 28 countries 


The need for new and better telecommunications systems 
throughout the world becomes more 

apparent every day. The General Electric Company 
continues to make a substantial 


contribution to this development. 


EVERYTHING FOR TELECOMMUNICATIONS 


THE GENERAL ELECTRIC COMPANY LTD. OF ENGLAND 
TELEPHONE, RADIO AND TELEVISION WORKS, COVENTRY 
GEC.20 
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MONTREAL 


Fe! 


all over the world 


Built to extremely exacting specifications 
this Air-Blast Switchgear gives the highest 


standard of performance and reliability under 


These Air-Blast Breakers supplied to the Quebec Hydro- 
Electric Commission are Type GAQW8, rated at 300 kV, 
7500 MVA. For a considerable part of the year they must 
Made at the Trafford Park Works of operate in severe conditions of snow and ice. 


Associated Electrical Industries Limited 


SWITCHGEAR DIVISION 
Trafford Park = ~ M 


- anchester 17 
Os CMWManchester 17 


elasoz 


the most severe conditions in any part of the world. 
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THE BRITISH ELECTRICITY GRID UNDER CONTROL 
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& THAMES NORTH CONTROL CENTRE 
@ |GENERATING STATIONS) © [SWITCHING STATIONS 


LONDON LONDON 
G1} Barking Si} East Ham 
G2} Blackwall Point S2 | Finsbury 
G3] Brunswick Whart EASTERN 
G4] Grove Road S3 | Aylesbury 
G5} Hackney S4 | Basildon 
G6] Islington S5 | Braintree 
G7] Poplar S6 | Bury St. Edmunds | 
G8} St. Pancras S7 | Chelmsford 
G9} Stepney S8 | Colchester 
G10} Walthamstow S9 | Elstree 
G11] West Ham S10 | Finchley 

EASTERN $11 | Hatfield 
G12] Bedford : $12 | Hemel Hempstead 
G13] Bradwell $13 | Hornsey 
G14] Brimsdown S14 | Rayleigh 
G15] Cliff Quay S15 | Stowmarket 
G16} Goldington S16 | Sundon 
G17} Letchworth S17 | Tottenham 
G18} Luton 
G19} Norwich 
G20} Rye House 


G21} South Denes 

G22} Tilbury 

G23] Watford 
Thames North Control Centre is one of the three control centres installed by 
S.T.C. for the Thames North, Leeds and Newcastle Control areas in the 
Central Electricity Generating Boards electricity supply system. This system 
with its national centre and seven local control centres is the largest system 
under unified control in the world, having 260 Power Stations and a total out- 
put of 24,000 MW. The new “standardised system” of control, general 
indicating, telephone and telemetering equipment has been developed jointly 
by the Generating Board and the three telephone manufacturers — 
Automatic Telephone and Electric Co. Ltd., the General Electric Co. Ltd., 
and Standard Telephones and Cables Ltd. In addition to the above schemes 
S.T.C has played an important part in the remote control schemes for the 
North of Scotland Hydro Electric Board (NOSHEB), Snowy Mountain 
(Australia), Owen Falls (Uganda,) Waipori (New Zealand), Aswan (Egypt) 
and Kariba (Rhodesia). 
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Thames North Control Room 


Standard Telephones and Cables Limited 


ELECTRONIC 
Registered Office : Connaught House, Aldwych, London, W.C.2 


SYSTEMS 
GROUP 


NEW SOUTHGATE ~« LONDON N.II 


TELEPHONE DIVISION: OAKLEIGH ROAD 
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Part C (Institution Monographs)—In collected form twice a year 


Special Issues 
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By designing for Araldite, South Wales Switchgear 
Ltd. have provided adequate protection for this 
3-phase voltage transformer without the use of oil. 
The coils and insulators form a single casting of 
Araldite B, simple in design and easy to manufac- 
ture. Araldite casting resins do not shrink on 
setting, and are thereafter unaffected by very wide 
changes of temperature and humidity. Their 
properties also include remarkable adhesion to 
metals, ceramics, etc., high mechanical strength, 
freedom from chemical action and excellent 
dielectric properties. 


Araldite epoxy resins are used 


@ for casting high grade solid insulation 


@ for impregnating, potting and sealing electrical 
windings and components 


Araldite (inaueaays 


@ for producing glass fibre laminates 


@ for producing patterns, models, jigs and tools 
@ as fillers for sheet metal work 
Araldite is a registered trade name 


@ as protective coatings for metals, wood and 
ceramic surfaces 


May we send you further details? @ for bonding metals, ceramics etc. 


CIBA (A.R.L.) LIMITED Duxford, Cambridge. Telephone: Sawston 2121 


A,P, 464 
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With a DONOVAN 


A.C. DIRECT-ON-LINE CONTACTOR STARTER 


GO» Mainly for reversing Squirrel Cage Motors and the stator 
connections of slip-ring motors up to 200 h.p., these 
starters, by modification and/or additions, can also be used 
for plugging in one or both directions when a quick stop 
is required. Push-buttons are fitted in lid on Size 0 and 
are separate for larger sizes. 


Type A35, Size 5 Reverser. 
Floor Fixing with lsolator 
and Ammeter. 


Contactors are always mechanically interlocked for 
dependable operation but can be electrically interlocked 
in addition if required. Hand-reset thermal overloads are 
Type A35, Size 0 Reverser standard on sizes 0 to 3, and above size 3, magnetic pattern 
General Purpose Enclosure. with dash-pot time lags. 


THE DONOVAN ELECTRICAL CO. LTD. 


70-82 GRANVILLE STREET, BIRMINGHAM I! 


LONDON DEPOT: 148-151 York Way, N.7 GLASGOW DEPOT: 22 Pitt Street, C.2 
Sales Engineers available in LONDON: BIRMINGHAM - MANCHESTER: GLASGOW - BELFAST: BOURNEMOUTH 


THE JOURNAL OF 


The British 
Nuclear Energy Conference 


The Institution of Civil Engineers The Institution of Mechanical Engineers 
The Institution of Electrical Engineers The Institute of Physics 
The Institution of Chemical Engineers The Institute of Metals 
The Iron and Steel Institute The Institute of Fuel 


The Joint Panel on Nuclear Marine Propulsion 


Y 


PUBLISHED JANUARY, APRIL, JULY, OCTOBER 


The Journal contains papers and discussions on the applications 
of nuclear energy and ancillary subjects 


ANNUAL SUBSCRIPTIONS: 


MEMBERS 30/- post free 
NON-MEMBERS 60/- post free 


Full particulars are available from 


The Secretary * B.N.E.C. * 1-7 Great George Street * London * SW1 
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ALDERS 


INSTRUMENTS 


EDGEWISE 
Scale illuminated from an External electric lamp 


(by total internal reflection in a perspex scale-plate) 


These are being supplied to the 
British Transport Commission for 
the new high voltage railway 
electrification scheme 


p 
; f 


¢ BACK or PAVEL Mouv7ivGE 


Moving Coil or Moving Iron 


WIDER FLAnces FOR 
FRONT OM PANEL 


Single or Double element 


I OUNTING 


Vertical or Horizontal Pattern 


Advantages 
A Check List of some of Nalders Electrical Products 
> Minimum panel space 


Ammeters Power Factor Meters 
Voltmeters Electrostatic voltmeters Z 4 anita 
Race i iform illumination 
Wattmeters Phase Sequence indicators 2) Efficient and uni 
Vectormeters Contact-making instruments 
: i (3) Completely dustproof 
Synchroscopes Numerous Protective Relays 
Frequency meters Miniature Circuit-breakers A) External lamp, easily replaced 
) 


Graphic Recorders Earth Proving Supply Switches 
For Technical Pamphlets, of any products, please write or just telephone 


Nalder Bros. & Thompson Ltd e Dalston Lane Works London E.8 
Telephone CLIssold 2365 (4 lines) Telegrams Occlude Hack Londoi 
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FOR A LIFETIME OF PROTECTION 


Looking into it—there is @ 
simple way of ensuring a lasting 
and permanent Electrical instai- 
lation. Use METALLIC Conduit 
Tubes and Fittings. 
METALLIC finishes provide com> 
wa) plete protection against corrosion, 
= and constant accuracy of manu 
facture ensures easier installation 
and maintenance. METALLIC 
is the sound choice for all 
Electrical Installations, 


CONDUIT TUBES 
& FITTINGS 


THE METALLIC SEAMLESS TUBE CO. LTD., LUDGATE HILL, BIRMINGHAM 3 
ALSO AT LONDON, NEWCASTLE-ON-TYNE, LEEDS, SWANSEA & GLASGOW 


ZENITH 


(REGD. TRADE-MARK) 


TUBULAR SLIDING 
RESISTANCES 


Back-of-Board 
Types 


Rugged, robust, reliable rheostats, 
ratings from 200 to 2,000 watts. 
Clutch fitted to prevent over 
turning. Laminated phosphor 
bronze contacts fitted as standard 
to avoid residual resistance at all 
out position. Carbon contacts 
available when desired. 


> 


COMPANY 


LOBITOL | 


TRANSFORMER OIL 


Dussek Bros. are the distributors of “‘Lobitol” Trans- 
former Oil for Lobitos Oilfields Ltd., the pioneer 
producers of transformer oil in Great Britain. “Lobitol” 
quality complies in full measure with B.S. requirements 
and satisfies those of many foreign countries. Quality 
control guards “‘Lobitol’’ from the oil wells to 
transformer installations wherever 
they may be. 


You can depend on . 
Dussek 


Illustrated catalogue of 
all types free on request 


The ZENITH ELECTRIC CO. Ltd. 
ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 
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LONDON, N.W.2 DB Please write to Advisory iy P.E.3. 
Telephone: WiLlesden 6581-5 Telegrams : Voltaohm, Norphone, London f : 
MANUFACTURERS OF ELECTRICAL EQUIPMENT DUSSEK BROTHERS ad Co., LTD. 
INCLUDING RADIO AND TELEVISION COMPONENTS THAMES ROAD, CRAYFORD, KENT 


Ee UES 9 TT Telephone: CRAYFORD 22322 


3 phase type 

Ratings up to 84/168 amps and 300/150 volts DC 
Size 132” x 64” x 43” 

2) 3 phase type 
Ratings up to 22/44 amps and 300/150 volts DC 
Size 83” x 44” x 3}” 

® 1 phase type 
Ratings up to 16 amps and 200 volts DC 
Size 53” x 2” x 335” 

(4) 1 phase type 
Ratings up to 16 amps and 200 volts DC 

Size 2?” x 34” x 33” 


[glerranti 
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APPLICATIONS 


Ferranti high power silicon rectifiers have 
many applications in the aircraft, electronic, 
electrical, chemical, marine and general engin- 
eering industries including aircraft and marine 
power supplies, radar systems, computers, 
chemical processing, weldingand electroplating. 


FERRANTI 


SILICON 


SEMICONDUCTOR 
EVICES 


FERRANTI LTD - GEM MILL - CHADDERTON - OLDHAM : LANCS - Tel: MAIn 6661 
LONDON OFFICE: KERN HOUSE, 36, KINGSWAY, W.C.2 Telephone: TEMple Bar 6666 
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RICHARD JOHNSON & NEPHEW LIMITED, MANCHESTER 11 


Tel. EAST 1431 
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One of the G & lel 


“K” Series of Meters i 


TYPE 
KTAC 


3 PHASE 

3 WIRE 
PRECISION 
PATTERN 
with “FLICK” 
CONTACTOR 


Please apply to us 
for appropriate 
Catalogue Sec- 
tions covering the 
“K” series of 
meters. 


HE SI MD SI 


MAM 


Chamberlain & Hookham Ltd. 


SOLAR WORKS, BIRMINGHAM 5. Telephone: Midland 0661 & 0662 


London Office: Magnet House, Kingsway, W.C.2. Telephone. Temple Bar 800( 


THE INSTITUTION OF ELECTRICAL ENGINEERS 


presents 


PHE 
INQUIRING MIND 


A film outlining the opportunities for a career 
in the field of electrical engineering 


Producer: Oswald Skilbeck Director: Seafield Head 
Commentator: Edward Chapman 


Copies of the film may be obtained on loan by schools 
and other organizations for showing to audiences of 
boys and girls interested in a professional career in 
electrical engineering. The film is available in either 
35mm or 16mm sound, and the running time is 30 min. 


Application should be made to 
THE SECRETARY 
THE INSTITUTION OF ELECTRICAL ENGINEERS 
SAVOY PLACE, LONDON, W.C.2 
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FOR LONG SERVICE 
UNDER ARDUOUS 
CONDITIONS 


ONE OF A NUMBER OF “‘Y’? FUSE SWITCHBOARDS INSTALLED 
OUT OF DOORS IN IRAN. BUSBARS CONNECTED DIRECT 
TO L.T. TERMINALS OF A POWER TRANSFORMER VIA REAR 
TRUNKING CONTAINING CURRENT TRANSFORMERS FOR 
INSTRUMENTS AND METERS. OUTGOERS CONSIST OF 
300 AMP., 160 AMP. AND 60 AMP. FUSE SWITCHES. 


ELECTRO MECHANICAL MFG. CO. LTD. 


Subsidiary of Yorkshire Switchgear Head Office and Works: MARLBOROUGH STREET, SCARBOROUGH. Telephone: Spgeegiy et 271 536 
and Engineering Co. Ltd., Leeds London Office and Showroom: GRAND BUILDINGS, TRAFALGAR SQUARE, W.C.2. Telephone: Whitehall 5530 
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Wherever there is a call for C ON TR OL 


(Photo by courtesy of Stewarts & Lloyds Ltd) 


DU P AR can supply the answer 


Whether in Nuclear or Civil Engineering, in the Iron and 1\ 


Steel Industries or in General Engineering... Ly 


THERE IS DUPAR AUTOMATIC CONTROL 


EQUIPMENT SUITABLE FOR YOUR REQUIREMENTS 


\ | COMPLETE AUTOMATIC CONTROL SYSTEMS 
\| LIMIT SWITCHES - CONTACTORS * STARTERS 


\ COMPONENTS - ELECTROMAGNETIC BRAKES 


and at BIRMINGHAM - GLASGOW - GLOUCESTER * LEEDS - MANCHESTER - NEWCASTLE » NOTTINGHAM 


R DEWHURST & PARTNER LIMITED 


INVERNESS WORKS, HOUNSLOW, MIDDX. 


Telephone: Hounslow 0083 (8 lines) Telegrams : Dewhurst Hounslow 


5 The Institution is not, as a body, responsible for the opinions expressed by individual authors or speakers. 
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(1) INTRODUCTION 


This paper is based on a report submitted to the Lord President 
of the Council and to the Secretary of State for Foreign Affairs 
at whose suggestion and under whose auspices the team visited 
Germany in order to attempt to establish a comparison between 
the academic levels achieved in higher engineering education 
in Great Britain and in Western Germany. A complementary 
report has been prepared by a similar German team who visited 
England in July, 1958. The field of investigation was deliberately 
limited to the teaching of mechanical and electrical engineering 
at the Technische Universitat, Berlin, and the Technische 
Hochschulen at Munich and at Aachen. (We refer to all 
three institutions as technical universities.) The report sketches 
in the general background, since without it the conclusions 
would be meaningless, and an attempt has been, made to separate 
the opinions formed and conclusions reached from the facts 
which were ascertained. 

Terminology 


It is very difficult to write accurately when concepts which 
occur in one language do not exist in the other. Where 
essential, the German word has been inserted in parentheses, but 
in general this has been avoided at the expense of some loss in 
precision. In general, ‘Western Germany’ is abbreviated to 
‘Germany’. 

(2) FACTUAL INFORMATION 
(2.1) Background 


Engineering education at university level in Germany takes 
place at the Technical Universities of Aachen, Berlin, Brunswick, 
Darmstadt, Hanover, Karlsruhe, Munich and Stuttgart, any of 
which might loosely be compared with the Imperial College of 
Science and Technology, University of London. These developed 
in the 19th century from existing technical schools and colleges; 
the German universities did not create faculties of engineering, 
as did British universities. A number of the technical universities, 


Mr. Welbourn is Dean of Selwyn College, Cambridge, and University Lecturer in 
Engineering. , f 

Dr. Spalding is Professor of Heat Transfer, Imperial College of Science and 
Technology, University of London. 

Mr. Ashdown is Senior Lecturer, Battersea College of Technology, London. 
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notably Berlin, have added arts faculties, and one or two uni- 
versities are considering the addition of faculties of engineering.” 

Although the developments in teaching of engineering in the 
two countries were contemporary, Germany produced a very 
much higher proportion of graduate engineers between 1900 and 
1939 than did Britain. Today the proportions appear to be 
similar; in the academic year 1956-57 the numbers of engineering 
graduates in Germany were 1200 in mechanical engineering 
(including chemical engineering), 770 in electrical engineering, 
and 680 in civil engineering.! 


(2.2) Structure of the Technical Universities 


With the exception of Berlin, which is an independent 
chartered corporation presently engaged in working out its 
relations to the State (Land), the technical universities are 
responsible to the Ministry of Education in the State in which 
they are situated. As a result, their constitutions are various, 
but the following remarks are typical of their structure. 

The executive head of the university is the rector, who is 
elected from among the full professors (Ordinarien) of the uni- 
versity for a period of one or two years, after which he is normally 
pro-rector for a further one or two years. He is assisted by a 
permanent secretariat headed by a registrary. 

The senate is the governing body of the university in so far as 
it is not overruled by the Ministry of Education, which has the 
right to control the university in great detail; the degree of friction 
between the two appears to vary enormously. In addition to the 
rector and pro-rector, the senate normally consists of the dean 
(Dekan) of each of the faculties (Fakultét) and a number of other 
professors elected by the faculties or special classes of teaching 
staff. The dean of a faculty is normally elected for one year. 

The number and arrangement of the faculties varies from one 
university to another. Typical arrangements are outlined below. 


Aachen. 
I Faculty of General Science. 
(a) Department of Mathematics and Physics. 


(b) Department of Chemistry. 
(c) Department of Economics and Cultural Subjects. 
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Il Faculty of Civil Engineering. ; 
(a) Department of Architecture. 
(b) Department of Civil Engineering. 


Ill Faculty of Mechanical and Electrical Engineering. 


(a) Department of Mechanical Engineering. 
(b) Department of Electrical Engineering. 


IV Faculty of Mining, Metallurgy and the Production of Metals. 
(a) Department of Mining. 
(b) Department of Metallurgy and the Production of 
Metals. 


Within each department there are further subdivisions. Thus 
the Department of Mechanical Engineering has at present 13 
active full professors (and 3 unfilled chairs), and each of these 
is head and director of his own institute. The institutes are: 
Machine Tools, Mechanics of Machines, Heat and Combustion 
Engines, Materials, Turbo-machinery, Aerodynamics, Transport, 
Textile Engineering, Aeronautics, Process Engineering, Control 
Engineering, Agricultural Machinery, Mechanics; one further 
institute, that for Inland Shipping, is situated at Duisburg and is 
only loosely associated with the university. An Institute for 
Work Study is directed by a reader (ausserordentlicher Professor). 

In the Department of Electrical Engineering there are similarly 
institutes for Theoretical Electricity, Heavy-Current Electricity, 
Communication Engineering, High-Frequency Engineering, 
Electrical Plant and Sources of Power, Electrical Materials; and 
an institute for Theoretical Physics jointly with the Department 
of Mathematics and Physics. 


Munich. 


At Munich there is no faculty of mining, but instead there are 
faculties of agriculture and brewing, reflecting differing regional 
interests. 


Berlin. 


Berlin, with a somewhat different structure, teaches broadly 
the same range of subjects as Aachen, but in addition has 
agriculture and also one of the two schools of marine engineering 
in Germany. 


The degrees awarded in all faculties give exemption from the 
First State Examination for the Civil Service; but the faculties of 
civil engineering are somewhat different from the others in that 
their degree serves as the professional qualification needed to 
meet statutory requirements for certain classes of civil engineers. 


(2.3) The Structure of an Institute 


Institutes are materially either separate buildings or self- 
contained sections of larger buildings. They have their own 
laboratories, workshops, libraries, secretariat, etc., and are run 
directly by the head of the institute. 

Despite rules and regulations, the professor who is head of an 
institute has great freedom, not only to organize as he likes, but 
to teach and examine as he will; it is therefore difficult to genera- 
lize about institutes. Usually, however, the professor will be 
assisted by one or two senior demonstrators (Oberingenieure) 
who are paid by the university, and in addition a small number of 
assistants, paid variously, who work partly on research projects 
leading to a doctorate, and partly on teaching in the laboratory, 
drawing office and examples classes. The projects on which they 
are working are often ones which the professor is being paid for 
by an industrial organization; Germany lacks research organi- 
zations similar to those sponsored jointly by industry and the 
Department of Scientific and Industrial Research in this country, 
and as a result the institutes at the universities tend to fill the gap. 
Thus the Department of Mechanics of Machines at Munich is 
largely financed by the gearing industry; while the similar 
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department in Berlin incorporates a special section for research 
on, and testing of, prostheses. 2 


(2.4) University Teaching Officers and their Appointment 

The structure of the teaching staff at a German technical 
university is extremely complicated. What follows is a simplified 
account of it. 

A full professor (ordentlicher Professor) is a State official (except 
in Berlin, where the relations between the chartered body and the 
State are still being developed) who enjoys complete security of 
tenure to the retiring age of 68, when he retires on a State pen- 
sion equal to his basic stipend. He is normally appointed on the 
advice of the faculty, supported by the senate. In strong contrast 
to the British system, a professor is called (berufen) to a chair and 
the post is never advertised. An occupant of a more technological 
chair will normally be someone who has been about 15 years in 
industry and has been ‘called’ at 40-50 years of age. It is 
unusual for a man to be occupying a full-time academic position 
when he is elected to a chair, since there is no academic ladder of 
established positions as in Great Britain. The concept of the 
professor as someone who has made his mark in industry, 
usually as a designer, is still widespread, although today more 
emphasis is laid on scientific attainments. 

Professorial stipends vary widely, but would at present not be 
high enough to be attractive in comparison with those obtaining 
in industry were it not for the possibilities of doing consulting 
work and for the prestige attached to the title of Professor. 
Many chairs are at present unfilled. The initial stipend and the 
level of funds for his institute are matters for negotiation betwee 
the professor and the Ministry of Education on appointment; 
in addition the professor receives fees (Colleggeld) paid by those 
attending his lectures. The system was intended to reward the 
good teachers, but nowadays rewards professors in departments 
where study is compulsory for all students. 

Readers (ausserordentlicher Professor) are similarly appointec 
to teach and to run institutes in specialized and new fields of 
study. In all respects they resemble full professors, except that 
they cannot be elected as rector. 

Professors and readers occupy a very special position in the 
German system, since there is no class of teaching staff equivalen’ 
to our established lecturers. They carry the whole burden o: 
lecturing on the fundamentals of their subjects; but for specia 
topics they are often helped by industry, which freely lend: 
members of its staff. The title of Honorary Professor is conferrec 
on outstanding men who give regular courses of lectures. 

Other external lectures (Privatdozent or, after six successfu 
years of teaching and research as such, ausserplanmissige 
Professor) are appointed by the university and paid from th 
students’ fees. A suitable person may apply to the university fo: 
permission to give a course of lectures, and will usually be paic 
by results. Occasionally they are established as Didtendozentel 
with fixed stipends. 

Yet other external lecturers (Lehrbeauftragten) are similarl 
appointed on a yearly basis. 

Senior demonstrators (Oberingenieure) occupy permanen 
positions and are appointed by the university at the suggestiot 
of the professor concerned. They are men who have had a 
least two years’ experience as demonstrators and also two year 
of industrial experience who wish to return to the university for 
period in order to do research work. They are essential in 
large department to assist in the design office. It is assume: 
that they will return to industry. 


(2.5) Professorial Assistants 


Demonstrators (Assistenten), who are young men appointe 
to help a professor, carry a large part of the teaching load in th 
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laboratories, drawing offices and examples classes. They are have done classics at school proceed to technical universities, 


appointed by the university for two years at a time, and normally 
for not longer than four years altogether. They usually spend 
about half their time assisting the professor, and are permitted 
to spend about half working for the degree of Doctor of 
Engineering (Doktor-Ing.). They are paid from institute funds, 
one or more being attached officially to a chair. 

A small class of more senior demonstrators (Oberassistenten) 
comprises men who have obtained their doctorates and stayed on 
to teach and to do research without first getting practical experi- 
ence outside the university. 

Student demonstrators (Hilfsassistenten) are usually under- 
graduates in their last year who are paid hourly to assist in 
the examples classes, laboratories. and drawing office. The 
positions are much sought after, since they bring the men in 
direct contact with the professors, who are glad of the oppor- 
tunity to guide a few of the ablest men of each year. 


(2.6) Staff-to-Student Ratio 


The ratio of professors to students is at present considered to 
be far too low, but if all grades of teaching staff are taken together, 
the ratio of staff to students appears to work out at almost 1 : 12, 
which is the figure in Great Britain. The ratio varies widely from 
one faculty to another, and mathematics departments tend to be 
worst off. 


(2.7) The Undergraduate and his Schooling 


Almost all undergraduates come to the universities directly 
from grammar schools at the age of 194; a few have been at 
technical colleges Ungenieurschule) first, where they have obtained 
a qualification similar to a Higher National Diploma. No equi- 
valent of a London external degree exists in Germany. 

School education varies from State to State, but normally all 
children attend the State schools, the primary school taking 
them from 6 to 10. Those going on to a grammar school choose 
one of three types, the classical grammar school (Gymnasium), 
the modern grammar school (Realgymnasium), or the science 
grammar school (Oberrealschule—other names are also used). 
Although nominally these are all of equal status, the classical 
schools enjoy a higher social standing, and many parents prefer 
them even for children intending to become engineers because 
they consider that the standard of teaching is better. 

Despite the difference in names, the instruction at the three 
types of school has much in common, since admission to the 
‘university, whether ordinary or technical, depends only on 
passing the school-leaving examination (Abitur) successfully, 

usually at 184-194. To do this, all candidates must pass in four 

papers, taken at the same time, in German, mathematics, a 
foreign language, and either a second foreign language or a 
science subject. In our judgment (and for help on the languages 
side we are much indebted to colleagues used to examining in 
these subjects) the all-round standard represents in each subject 
what might be expected a year after ‘O’ level by those specializing 
in the English grammar schools. 

We know the difficulty of forming a sound judgment on this 
subject, since not only do the standards of the various examining 
bodies in Britain vary in a notorious manner, of which those 
of us who select students for admission are only too well aware, 
but in Germany the standards vary from school to school, since 
the examining in many States is entirely internal, subject to 
general inspection by the State Ministry of Education. 

We wish, however, to draw attention to a most important 
point. All boys and girls when they leave school have had to 
continue the study of mathematics up to the end, and have had 
to pass an examination in the elements of analytical geometry 
and of the calculus. In consequence about 20% of those who 


where they form about 5% of all the undergraduates. They find 
the first year there difficult but not impossible, and are often 
preferred as pupils by their professors. 

The classical and modern schools also teach some science, but 
there is a big variety in the amount. 

Despite the fact that their own language is a compulsory 
subject in the school-leaving examination, we heard much 
dissatisfaction expressed concerning undergraduates’ ability to 
use it—a familiar worry. f 


(2.8) Admission to the Universities 


While the school-leaving certificate theoretically gives the right 
to attend any university and to read any subject, overcrowding has 
caused certain States to introduce numerical limits to admissions, 
and consequently to demand more than the minimum pass mark. 
However, enough places in engineering appear to exist in the 
country as a whole. We heard the view frequently expressed 
that numbers might profitably be reduced by at least 25%, and 
that the men concerned would do better by taking the equivalent 
of a Higher National Diploma course. Great concern is expressed 
at the lack of facilities for this form of course. 

We deliberately do not discuss the scholarship position, which 
is in a state of flux. 


(2.9) Pre-University Practical Experience 


The school year in general ends in April, while the university 
year does not begin until November, so that six months are 
available in which to obtain the practical factory experience 
demanded of all undergraduates before they start on lectures, 
etc. A varied experience in the shops is demanded, but no high 
degree of personal skill is expected. On the other hand, carefully 
kept notebooks with sketches and drawings must be submitted 
to the university, together with a full report on what the student 
has seen and done. A further six months must be fitted in during 
subsequent vacations. Each student is examined orally on his 
experience and notebooks. 

It should be emphasized that no undergraduate is allowed to 
start at the university until he can provide evidence that he has 
obtained workshop experience of the required standard, and the 
universities regard the conduct of this training as being far too 
important to leave in the hands of the firms. Moves are afoot in 
certain universities to reduce the workshop period from one year 
to a total of six months, by insisting that the firms carry out the 
training more efficiently. 

The German Engineering Institutions, unlike ours, are not 
professional societies as we understand the term, and play no 
part in determining either the form or content of workshop 
training. 

(2.10) General Outline of University Courses 

In general, an able and very industrious man can obtain his 
degree (Diplom-Ingenieur) after 4 years’ work, although at Munich 
he requires 44 years and at Berlin, where the equivalent of a year 
must be spent on general education, 5 years. However, this is 
very seldom achieved for a variety of reasons, in particular the 
overloading of the courses. A number of those who know our 
universities attributed part of the trouble to the exaggerated 
respect paid to ‘academic freedom’ (akademische Freiheit) by 
which the undergraduate is left entirely to his own devices without 
any tutorial guidance, and as a result often wastes a lot of time 
in his first year or two. 

The German academic year has two terms (Semester) each of 
about 14 weeks, although the first has a short break at Christmas. 
Except at Munich, where a deliberate effort has been made to 
reduce the hours of formal teaching, the laboratory work and 
lectures cover 54 days a week; in Munich, only 5. Table 1 shows 
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Table 1 


Semester No. of Students 


1 294 
2 

3 

4 

5 230 
6 

7 

8 

9 and higher 


by semesters the actual distribution of undergraduates at 
Karlsruhe reading mechanical engineering as at the 1st December, 
1957, and offers a sharp comment on the nominal 4 years to 
graduation. Thefigures for other engineering faculties are similar. 

The first examination may be completed after a minimum of 
two years, but more usually after 24 years. At this preliminary 
examination (Vorexamen), which may be taken repeatedly, about 
20% of all who start fail and leave the university. Of those who 
pass, probably only 2% fail to graduate. This latter figure is 
difficult to ascertain, since a certain amount of movement takes 
place from one university to another after the preliminary 
examination, and at present Berlin is gaining as many due to this 
movement as it loses. 

While the work for the preliminary examination has been on 
a broad theoretical and practical basis, the work afterwards is 
heavily specialized in one direction or another, usually with a 
strong design bias. The final examination is on the diploma thesis 
(Diplomarbeit), which may at most universities be submitted at 
the end of 4 years, but is more usually submitted after 5 years. 

Each undergraduate keeps an official book (Studienbuch) in 
which are entered particulars of the courses which he has paid to 
attend. We were given photostats of typical ones and saw others. 
Table 2 is an analysis of an official book of a Berlin student who 


Table 2 


NOMINAL PERIODS PER WEEK 


Engineer- Arts Examples Drawing 


Term inglectures lectures classes office Laboratory Total 
iI 8 19 2 2 - 31 
2 18 10 2 = ~ 30 
3 17 1 5 2 4 29 
4 11 3 4 2 6 26 
5) ay 5 7 6 - 39 
6 14 1 6 6 8 55 
7 23 - 6 - 2) 34 
8 19 - 2 s 5 36 
ZA 6 5 : - 4 10* 

10 6 2 = 4 = 12* 

11 4 = ‘3 E: 4* 


A total of 30 weeks were spent in workshops during vacations. 
* Not to be taken at face value, since projects are not included, 


took his degree in 54 years, i.e. half a year more than the minimum. 
He took his preliminary examination after 24 years, the minimum 
time at Berlin. 

We were informed that a lecture period nominally lasts 45 
minutes, but that an examples class period implies at least two 
hours’ work, and a drawing office period four hours’ work. 
Laboratory time probably represents twice the figure given for 
hours of work. In short, it was freely admitted in Berlin and 
Aachen that the undergraduate probably needed to work 55 
hours a week in term time merely to keep up. In Munich, a real 
effort has been made to bring this figure down to 45 hours a week, 
and Karlsruhe is trying to reduce it still further. 

The figures in Table 2 for the last three terms are deceptively 
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low, since they do not reveal work such as the diploma thesis, 
which represents three months of continuous work. Indeed, one 
professor said bluntly that during this period he expects his men 
to spend at least 10 hours a day, 6 days a week, at the drawing 
board. é 


(2.11) The Preliminary Examination (Vorprufung) 


No examination has to be taken or passed before the end 
of the second year, since it is felt that some relief from 
examinations is needed after the strain of the school-leaving 
examination. j 

Very few university examinations follow the British pattern, and 
the written examination paper (K/ausur) was almost unknown until 
increased numbers of students made the traditional method of 
oral examination by the professor almost impossible in many 
institutes. We noted that books may normally be taken into 
written examinations, but that good men do not usually bother 
to do so. Examinations are generally a mixture of marked class 
work, both examples as well as laboratory and drawing office, 
written examinations, and oral examinations. A man who fails 
in a written examination may demand an oral; equally the 
professor may demand one. 

Typical lecture lists?+ for the preliminary examination are 
those for Aachen given in Appendix 6.1.1, Tables 3 and 4. They 
are fairly similar both for electrical and mechanical engineers, 
and an undergraduate can change his department—although 
with difficulty—after the preliminary examination. 

The method by which an undergraduate passes the preliminary 
examination (Appendix 6.1.1, Table 5) varies radically from one 
university to another; all expect course work to be shown up, but 
some use written examinations extensively, others depend on 
oral examinations, and yet others on a mixture of both. Never- 
theless, all the universities accept men who have passed the pre- 
liminary examination at any of the other universities, and since 
the main object of our visit was to try to compare academic 
standards in the two countries, we have felt impelled to base our 
judgment more heavily on written examinations, which are 
relatively easy to assess, than on the course work. 

The course work includes an amount of time in the physics 
laboratory which is normal by English standards, but we saw 
very little other laboratory work of the type usual in Britain, 
which consists in verifying elementary theory on simple appara- 
tus Or On machinery. On the other hand, the teaching in the 
elements of mechanical design applied to components of machin- 
ery such as gears, clutches, etc., was of a much higher standard 
than is usual here. 


(2.12) The Diploma (or First Degree) Examination: 
The Syllabus 


At Aachen, the diploma can be taken after a minimum of 4 
years’ work, but this is rarely done; indeed to do so often means 
a deliberate choice of ‘soft options’, sometimes for financia 
reasons. 

The regulations for the examination vary from one university 
to another, but those of Aachen may again be taken as typical 
and are quoted below extensively. 

After completing the preliminary examination, the under. 
graduate has a choice of seven main lines of study in mechanica 
engineering and three in electrical engineering. 

In mechanical engineering these are: 


Prime Movers and Process Machinery. 
Thermodynamics and Heat Engines. 
Manufacturing Technology. 

Transport Engineering. 

Railway Engineering. 

Process Engineering 

Textile Engineering. 


NRE ae 


and in electrical engineering: 


_ General Electrical Engineering. 
Heavy-Current Engineering. 
Communication Engineering. 


We were informed by an industrial firm that the general 
electrical engineering course had been introduced only as a 
result of heavy pressure by themselves, as they were worried by 
the over-specialization of the young men joining the industry. 

In order to pass the diploma examination, undergraduates 
must qualify in a number of different ways. In the first place, 
they must attend compulsory lectures and complete the course 
work attached to them with an adequate mark. Table 6 (Appen- 
dix 6.1.2) shows these for thermodynamics and heat engines. 
Secondly, they must attend lectures and do course work in addi- 

tional subjects (Table 7) equivalent to at least 3 nominal hours 
per week. Thirdly, they must do 5 projects (Studienarbeit), 2 of 
which require 6 nominal hours per week for 1 term, and 3 of 
which require 3 nominal hours per week for 1 term. Two 3-hour 
projects may be combined to make a single 6-hour project. At 
least one of these projects must be a design, while the others may 
be design, laboratory, theoretical or scientific-literary projects. 
‘Fourthly, they must write a diploma thesis (Diplomarbeit), which 
is expected to represent 3 months’ continuous work, and may be 
a design, a piece of experimental research, or more rarely a 
purely theoretical investigation. 

The precise way in which these four classes of work are 
specified, and the relative weights given to them, varies from 
faculty to faculty and university to university. Thus in one case 
we were told that the three projects had to cover design, laboratory 
and theoretical work respectively, whereas in another we were 
told that it is common for the diploma thesis to be based on work 
done on apparatus which has been built and calibrated as a 
project. The diploma thesis is intended to be a piece of inde- 
pendent engineering work, such as a junior professional engineer 
might be expected to tackle in a firm, and for this reason the 
time allowed for it is usually deliberately limited, to emphasize 
the difference between the engineer, who must achieve results 
against the clock, and the scientist. 

In addition, they must have completed a total of 12 months 
in approved workshops. 

Tables 8-13 (Appendix 6.1.3) provide similar information with 
regard to the three electrical engineering courses, together with 
the examination plan. 


(2.13) Post-Graduate Work 


Our terms of reference related primarily to first-degree stan- 
dards, but we also obtained some insight into post-graduate 
work. 

Industry places much more value on a doctor’s degree in 
Germany than it does in Britain, especially on the manufacturing 
side, where it is quite usual to find works managers who are 
doctors of engineering. This undoubtedly contributes to the 
ease of exchange of ideas between design, manufacture and 
research. 

Generally a graduate stays on to do research at the suggestion 
of the professor under whom he has done his diploma thesis. 
If he is paid from the funds of the institute provided by the State 
he often spends about half his time on teaching as a junior 
demonstrator (Assistent). Alternatively, he may be researching 
full-time, paid by the institute from funds provided by industry. 
There are no time limits, but a thesis, on which he is examined 
orally, is generally submitted after about 3 years’ work, the range 
being usually 2-4 years. The degree awarded is Doktor-Ing. and 
is roughly equivalent to a Ph.D. in Britain, although in techno- 
logical subjects the analytical and theoretical content appears to 
us to be less than is demanded here. 
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One year post-graduate courses such as are becoming common 
here are unknown in Germany. 


The equivalent of an Sc.D. is unknown in Germany. 


(3) COMPARISON, COMMENTS AND CONCLUSIONS 


The following opinions were reached by the team after analysis 
and consideration of the information obtained. While often 
expressed dogmatically, they are put forward tentatively, with 
the warning that we had too little time to probe very deeply and 
have had to rely on impressions rather than prolonged study. 


(3.1) General Comparisons 


Reliable comparisons with the British Dip.Tech. will be 
possible only when those with this qualification have spent 
several years in industry. In this Section we have concentrated 
on the British graduate engineer. Some comments relating to 
the Dip!.Tech. will be found in Section 6.2. 

The standard of the Dipl.-Ing. is not strictly comparable with 
that of the British honours B.Sc. or B.A., since the two systems 
aim at different end-products. The British degree is firmly 
integrated into a course consisting of three years at the university 
followed by two years’ practical training in industry (or into a 
1-3-1 sandwich scheme) which broadly aims at satisfying the 
requirements of the professional institutions for corporate 
membership. In Germany, entrance to the technical institutions 
such as the Verein Deutscher Ingenieure and the Verband 
Deutscher Elektrotechniker is only dependent on having passed 
the final examination from a technical university or technical 
college. When, therefore, an attempt is made to compare the 
graduates of the two systems, the vital time is 5 years after leaving 
school, when the average man in England will be 234 and will 
have completed both university and also a graduate apprentice- 
ship; and the average man in Germany will be 244 and will have 
completed one year in works and obtained his diploma. 

Whereas British universities tend to teach engineering by 
placing major emphasis on analysis, German technical univer- 
sities lay their major emphasis on synthesis, or design. The 
learning of facts is regarded as being more important in the 
German educational system than it is in the British, and tends to 
what we regard as overloading of the German syllabuses. It 
seems possible that our methods are better suited to the ablest 
men, theirs to the average and weaker men. 


(3.2) Comparison of Standards attained by British and German 
Engineering Students 


(3.2.1) At School-leaving (see Section 2.7). 


German schoolboys specialize less than their British contem- 
poraries. Thus even those who attend the classical grammar 
schools continue to study mathematics and science to a sufficiently 
advanced level to permit them to enter the technical universities 
and indeed to have very successful careers there. 

We regard this feature of the German system as very satis- 
factory, because (i) it permits boys to decide the main line of 
their careers at a more mature age than in Britain, (ii) it avoids 
the loss to the scientific stream of bright boys channelled into the 
classical stream by enthusiastic schoolmasters, and (iii) it ensures 
that all boys, both on the arts and on the science side, possess a 
better general education. 

The corresponding disadvantage is the lengthening of the 
university course by about six months. The German under- 
graduate spends much of his first year gaining scientific know- 
ledge which the British boy has already learnt at school. This 
delays his attainment of professional effectiveness and economic 
independence. We do not consider that this is inevitable, since 
school curricula are considered by many educationists to be over- 
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loaded, and pruning of other subjects might allow of higher 
standards in the compulsory leaving-exaraination subjects. 


(3.2.2) At Entry to the Technical University (see Section 2.9). 


Also advantageous, in our view, is the German requirement 
that all students must obtain practical experience in workshops 
before entering the technical university. Although we gained the 
impression that it is difficult to ensure that the training they 
receive there is of a high standard, we feel that early contact with 
the engineering industry is bound to help the student to under- 
stand the significance of his later learning. We think that the 
six months on which they insist is a better period than the one 
year of our ‘thick sandwich’. 


(3.2.3) At the Preliminary Examination (Vorpriifung) Stage (see 
Section 2.11). 

We believe that the German student at this stage has had about 
the same amount of knowledge made available to him as has the 
British student at the end of his second year at the university. It 
appeared to us, however, that (i) this knowledge tends to be 
imparted piecemeal and not as an integrated whole, and (ii) the 
student is never subjected to such a searching or concentrated 
test of his grasp of that knowledge as is afforded by the British 
examination system. The German student will be much more 
skilful at elementary design on the drawing board: the British 
will have more experience of running machinery. 


(3.2.4) At Graduation (see Section 2.12). 


In his final years, the German student acquires more detailed 
knowledge of a particular branch of engineering than the British, 
and does more independent work (Diplomarbeit). He generally 
also acquires considerable knowledge of drawing office and design 
procedures which universities in Britain scarcely attempt to 
impart. We believe he is certainly more fitted to begin a profes- 
sional career than his British contemporary, if only because the 
world he enters is less strange to him. 

We do not regard the tests which the German student under- 
goes as very rigorous, at any rate to obtain a bare pass, and find 
proof of this in the fact that it is rare for a student admitted to 
the final examination (Hauptpriifung) not to obtain his diploma. 


(3.2.5) At Professional Qualification. 


The German student has the standing of a professional 
engineer as soon as he obtains his diploma; he is therefore 
properly comparable with the British student who has just 
completed, at about the same age, two years’ apprenticeship 
after graduation. 

Without a careful survey of the British apprenticeship system, 
including the worse as well as the better schemes, we do not feel 
able, at this stage, to compare the products of the British and 
German systems with any certainty. However, we are strongly 
inclined to believe that, when operated well, the British system 
is at least as good as the German. 


(3.2.6) Summarizing Remarks about Knowledge obtained by Students. 


Theoretical—The British system attaches somewhat higher 
importance to theory than the German, and presents it in a more 
unified and comprehensive form. There appear to be moves 
afoot in German technical universities to emulate us in this 
respect. 

Practical knowledge.—The British student obtains more 
experience of operating and testing machines in the laboratory 
than does the German. He learns considerably less, however, 
during his university period of the processes and practice of 
engineering design and production. 

The two are likely to be equal as far as workshop practice is 
concerned, but the man in this country is likely to have a much 
wider knowledge of the firm as a whole through having been 
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moved systematically through all its main departments. We are 
of the opinion that far more graduate engineers are engaged in 
production in German industry than in British, to the great gain 
of German industry. 

Design practice.—The British system gives relatively little 
attention to design. Although this is partly made good in the 
graduate apprenticeship, it seems possible that this lack of atten- 
tion tends to lead to many British graduate engineers being 
inadequately experienced in the problems of mechanical design 
and tending to believe that design is a lower grade of activity 
than research—a wrong judgment in our opinion. Certainly 
British industry currently complains of a shortage of designers; 
but so does German industry. 


(3.2.7) Chemical Engineering. 


Although outside our terms of reference, we noted that 
chemical engineering has not yet established itself in Germany as 
a separate branch, but is usually taught piecemeal within the 
mechanical engineering and chemical faculties. We feel that 
German industry probably suffers in this respect. The matter is 
being earnestly debated in Germany. 


(3.3) Organization of the German Technical Universities 
(3.3.1) Constitution of Teaching Staff (see Sections 2.4 and 2.5). 


In view of the radical differences between the German and 
British systems, we feel that some comments may be of interest. 
The big gulf between professors and other staff and the method 
of filling chairs appear to have the following consequences: 


(i) The professors as a rule have wide industrial experience and 
so, in principle, are able to give students the knowledge and back- 
ground which industry requires. 

(ii) However, the professors often have, when they arrive, com- 
paratively little knowledge of teaching, except at a very junior level. 

(iii) The professors in many cases have extremely heavy teaching 
loads (often 13 and even up to 20 hours per week). They can 
therefore make little personal contact with their students, and their 
research also suffers. A student may never speak to a professor, 
except in the oral examinations, until he does his diploma thesis. 

(iv) It is not possible, in the engineering faculties, to pursue 
an academic career of reasonable security except as a professor. 
While this avoids having on the teaching staff men who have for- 
gotten that engineering teaching has an industrial aim in view and 
that the subject is a living one, it also has the disadvantages men- 
tioned above. There is, of course, still nothing to prevent a 
professor from mentally fossilizing. 


(3.3.2) The Institute System (see Section 2.3). 


As stressed in Section 2, the institute is the professor’s kingdom. 
in which he reigns supreme. This has the following consequences: 


_(i) An energetic professor can obtain an extremely lavish pro 
vision of equipment, particularly if he can arrange for his institute 
to serve as the research centre for an industry. Some institute: 
have something of the character of the industrial research associa 
tions in Britain. The equipment is such, in many cases, as tc 
excite envy among British academic research workers, at least sc 
long as they forget the associated administration. The system cat 
lead to a diversion of effort into projects which according to Britis! 
ideas belong more properly in an industrial research laboratory. 

(ii) The activities of a professor and his institute are largely tiec 
to a particular class of engineering equipment—e.g. steam engines 
Diesel engines, heating and ventilating—and not to a branch o 
applied science. The teaching is arranged accordingly. 

As a result, the student will, for example, be taught thermo 
dynamics anew at each institute, and each time in a different fashion 
This overlapping is wasteful of the student’s time and is confusing 
Moreover, it tends to obscure the fundamental ideas. Althoug! 
this disadvantage is recognized, many professors appear to regar 
efforts at unification and co-operation as infringements of thei 
sovereignty. We understand that this problem has been tackle 
energetically and successfully at Darmstadt. 

(iil) This inflexibility of organization, which can cause poo 
deployment of resources in a period when various technologies ar 
changing in relative importance, also leads to extremely unequ: 
loading: one institute may have a thousand students enrolled whil 
another has only five. Again this disadvantage is recognized i 
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__ the German technical universities, 

seems to have been found. 

: (iv) It must be admitted that the freedom of action accorded to a 
professor within his institute is one of the attractions which bring 
successful engineers back to the technical university. The insecurity 
of the lower teaching grades mentioned above gives the professor 

_ an enviable power to hire and fire, and to get his wishes carried out. 
We believe, however, that the absence of criticism from below can 
be unhealthy. 


but no way of overcoming it (4) ACKNOWLEDGMENTS 


We wish to thank most sincerely all those who have made the 
report possible and, in particular, our many German colleagues 
who have discussed their problems freely and frankly with us. 
We would like to thank Professor R. Wille, Dean of the Faculty 
of Mechanical Engineering of the Technical University, Berlin, 
Professor E. Schmidt, Rector of the Technische Hochschule, 
Munich, and Professor Jung, Rector of the Technische 
Hochschule, Aachen, who made the detailed arrangements for 
showing us what was going on in their respective universities. 
In addition, we wish to express our thanks to Mr. A. Baker of 
the British Embassy in Berlin, Mr. L. W. Sayers of the British 
Consulate in Munich, Mr. W. J. Simons of the British Council in 
Aachen, and also Dr. Francis of the British Embassy in Bonn, 
who were of the greatest assistance to us throughout. 


(3.4) Summarizing Conclusions 


We are certainly not inclined to believe that the German 
: engineering educational system is superior to the British when the 
graduate apprenticeship of the latter is taken into account. 
Industry is not necessarily the best judge of whether a university 
} is educating men for it in the best way, since one of the functions 
_ of a university is to pioneer new ideas. Nevertheless, its views 


; 


Must carry weight, and we therefore made some inquiries both 


| 
, 
| 


| 


in the technical universities and also in industry as to industry’s 
views. The results were most illuminating. On the whole, the 
mechanical engineering firms appear to be satisfied with what the 


- technical universities are doing, whereas the electrical engineering 


firms are dissatisfied, and complain that too much attention is 
paid to current practice and specialization in narrow fields, 
whereas they need more men well grounded in fundamentals in 
a very wide field. This attitude may be compared with that of 
British firms to the very broad education given by certain 
English universities in what amounts to classical mathematical 
physics applied to engineering. Here it is the electrical industry 
which approves, whereas the mechanical engineering industry 
tends to be critical that design is not taught and that little is 


said about workshop practice. 


We think that the one respect in which the German system 
should be emulated is in raising the status of design in British 
universities. This does not mean, however, that we think as 
much time should be devoted to it as in Germany. 

We should not be doing justice to our German colleagues, who 
discussed their problems freely and frankly with us, if we did not 
report that many of them consider that too much emphasis is 
laid on design in the technical universities. Almost everywhere 
moves are being made to re-emphasize the fundamental mathe- 
matical physics. 

The ability of classically educated schoolboys to enter the 
technical universities is admirable. A. 

We do not think that the organization and constitution of the 
German academic system should be copied, despite some 


‘enviable features—we wish we had in our universities, some of 


the equipment we saw. In any case, many German colleagues 


_ would like to bring their system into line with ours. 


Rapid progress in engineering depends on a relatively small 
number of original minds and a rather larger, but still small, 
number of men of high ability and training. Owing to lack of the 
right to exclude men who have passed the school leaving certifi- 
cate, the German technical universities find themselves clogged 
with men who should not be there, and unable to concentrate 
on the job of educating the best. Too many men who have 
been through the technical universities do jobs for which a 
technical college would have fitted them equally well. The 
same is true in Britain; but in post-graduate courses we have 
started to tackle the problem of educating the best in a way 
unknown in Germany. 

All our generalizations can probably be confounded by 
numerous exceptions. They should not be accepted as the basis 
for action unless supported by more facts than we could gather 


‘in the time available. In particular, we feel that our criticisms 


of the German academic organization would meet outspoken 
disagreement in Germany, perhaps justifiably. We should like 
to hear it. 
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(6) APPENDICES 
(6.1) Data on Courses of Study 
(6.1.1) Preliminary Examination (see Section 2.11). 
Table 3 


TYPICAL LecTurE List AT AACHEN—I 


— 
> 


Subject 


Higher Mathematics J-III 

Mechanics (see Note 3) 

Experimental Physics 

Practical Physics 

Projective Geometry 

Materials I-IV oe 

Principles of Chemistry .. oe 

Machine Drawing I and II i 

Machinery Components I and II.. 

Kinematics of Machines (Getriebe- 
lehre) (see Note 4) 

Principles of Electricity 

Electrical Laboratory 

Thermodynamics I and II 

Experimental Measurement 

Chip-forming Processes 
(Zerpanungstechnik) 


Economics ; 


| | ReNNYW! awulo 
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Total periods 


Note 1: L = 1 period lecture per week. : . 
P = 1 period examples class, laboratory or drawing office per week, which 
should probably be multiplied by 2, 2 and 4 respectively to give hours. 

Note 2: ‘In addition, an active part should be taken in attending other lectures 
(Studium generale) of the student’s own choice in order to deepen his general 
education.’ . Fi 

Note 3: Mechanics includes strength of materials, elementary structures an 
hydraulics. on f ; 

Note 4: The scope of this is similar to Rosenauer and Willis: ‘Kinematics of 


Mechanisms’. 
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Table 4 


TypICAL LECTURE List AT AACHEN—II 


Subject 


*Higher Mathematics J-UI 
Mechanics I and II F 
Experimental Physics 
Practical Physics 
Projective Geometry 


Materials I-IV... 

Principles of Chemistry I and II . 

Machine Drawing I 

Machinery Components I ‘and it 

Principles of Electricity I and II . 

Electrical Laboratory ae 

Thermodynamics I 

Alternating Current Calculations 
*Economics I and II a 


Nitti tel ini BSA] ET 


INN] PW] EN 


= 
~~) 
= 
ES 


Total periods for compulsory 


subjects 


In addition, undergraduates are recommended to attend the 
following subjects to deepen their knowledge. 


Atomic Physics I and II .. 
Atomic Physics Examples 
Mathematics Examples 
Machine Components 
Higher Mathematics IV 


Total periods for voluntary subjects 


* See Table 5. 


Table 5 


SCHEME FOR PRELIMINARY EXAMINATION FOR ELECTRICAL 
ENGINEERS 


(i) Written or oral examinations in the subjects starred in the 
syllabus, Table 4. 


(ii) Course Work in: 
(a) Physics Laboratory. 
(6) Electrical Engineering Laboratory. 


Gii) Course Work in: 
(a) Higher Mathematics. 
(b) Projective Geometry. 
(c) Mechanics and Strength of Materials. 
(d) Machine Drawing. 
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(6.1.2) Syllabuses for the Diploma Examination (see Section 2.12). 
Table 6 


ComMPULSORY LECTURES AND PRACTICAL Work: HEAT 
AND PrRocESS MACHINERY 


Compulsory subjects 


Fluid Mechanics I and II 

Machine Tools I ; 

Factory Organization 

Manufacturing Processes 

Materials V 

Dynamics of Machines I and II . 

Components of Machinery 

Reciprocating Steam Engines 

Reciprocating Machinery 

Internal-Combustion Engines: 
I. Theory 
II. Design Fundamentals 
IlI(a) Theory or (6) Design 

Steam Turbines 

Gas Turbines Turbo- 

Turbo-compressors {machinery I 
and Pumps 

Design of turbo machinery: Turbo- 
machinery II 

Power and Heat Economics, in- 
cluding Steam Raising 

Combustion and Furnaces I 

Fundamentals of Heat Transmis- 
sion I 

Electrical Drives for Mechanical 
Engineers 

Electrical Testing for Mechanical 
Engineers 

Machine Laboratory : 

Combustion and Furnaces Labora- 
tory 

Fluid-Flow Laboratory 


PRENNIT NNN] 


Total 


Total periods per week 


Projects 


Components of Machinery 

Reciprocating Machinery 

Turbo-Machinery : 

Free choice from voluntary ‘or compulsory 
subjects 

Free choice from voluntary or compulsory 
subjects 


Total (equivalent to 5 periods per week) 


In addition, attendance at a minimum of 3 hours per week in 


each term is required in the additional subjects, Table 7. 
Diploma Thesis: whole of 8th or 9th term. 


NT Ee ayy Gt, 


| Special Topics in Turbo-Machinery 
| Boiler Design 


| Heating, Ventilating and ‘Air Conditioning : 


_| Process Engineering (Thermodynamic f fundamentals) 
-| Development Problems in ee — a 


| Motor Vehicles I and II 


| Measurement and Experimentation in Dynamics of 


‘| Special Topics in Thermodynamics 


Higher Mechanics 


sng 
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Table 7 


ADDITIONAL LECTURES AND PRACTICAL WorK 
(3 Periops MINIMUM) 


Sth- 
Subjects from which to choose 


Refrigeration Engineering 


Rail Vehicles I and III 
Rail Vehicles II and IV 
Cranes and Conveyors I 
Cranes and Conveyors II 


vad 


Vehicle Engines I 
Machine Tools II ‘ es 
Combustion and Furnaces Il . 


Machinery 
Welding Fundamentals 

Welding Practice I and II : 
Non-destructive Testing of Materials _ 
Electrical Measuring Methods I 

Special Topics in the Dynamics of Machinery 
Theory of Engineering Vibrations I and II 
Mechanics of Similarity in Machine Design . 


each 


each 


Higher Mathematics: 
(a) Mathematics Examples Classes I-IV 
(5) Theory of Functions I and II 
(c) Differential Equations 
(d) Partial Differential Equations 
(e) Integral Equations 
(f) Conformal Transformation 


Higher Physics: 
(a) Lectures in Faculty of Physics (I) 
(b) X-rays and the Motion of Electrons 
(c) Physics of Materials : 


Higher Fluid Mechanics: 
(a) Gas Dynamics 
(b) Flow Measurement 
(c) Gas Flow in Internal-Combustion Engines 
(d) Seminar aA ae ae 


each 
each 


Higher Kinematics of Linkages 
Higher Thermodynamics 


Ll ReWNNNNY NNN WNWWWN | BNR NNN eH | ewe sia 


At least one course must be taken from each group. 


8th 


n | NN] RE NR eB eee ee] |! | 
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(6.1.3) Recommended Timetable for the Final Examination in Electrical 


Engineering (see Section 2.12). 
Table 8 


COMPULSORY SUBJECTS FOR ALL BRANCHES 


Term 5 6 7 


Co 


Maxwell’s Theory . 

Theory of Ions and Electrons 

Principles of High-Voltage Engi- 
neering 

High-Voltage and Discharge —-{|-]|-|]-|]-]3 
Laboratory 


INni ew 


piers 


Principles of Electrical Machines.. | 4 | — 
Design of Electrical Machines .. | — | - 
Electrical Drives .. 5 ice cs 
Electrical Test I - 
Principles of Communication Engi- 2)|- 

neering 
Factory Organization is oe fem fase = = 
Manufacturing Processes .. ee f= | = be = 
Instrument Manufacture .. 


al TT ed 5 


\ | IN 


Total periods for common subjects 


In addition, compulsory lectures, etc., 
according to Tables 9 and 10; a choice of additional lectures, 
etc., Table 11; projects according to Table 12; and a diploma 
thesis written. 


Table 9 


ADDITIONAL COMPULSORY LECTURES FOR GENERAL 


ELECTRICAL ENGINEERING 


must be attended 


Compulsory Subjects 


Principles of Electrical Measure- 
ment 

Measurement Laboratory 

Electrical Machines. II—Com- 
mutator Machines 

Electrical Machines. 
lation of Machines 

Electrical Machines. 
ing Problems 

Electrical Equipment. 
Voltage 

Electrical Equipment. 
Medium-Voltage 

Principles of Electrical Communi- 
cation Engineering I and II 

Telegraphy Equipment I and II .. 

Telephony Equipment Labora- 
tory I 

7 Frequency Engineering I 


TiI—Calcu- 
IV—Parallel- 
I—Low- 


Me 


Valves ITandII.. 
High-Frequency Laboratory 


Total of additional compulsory 
subjects 


Total of common compulsory 
subjects 


Total compulsory subjects for 
General Electrical Engineering 
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Table 10.—ADDITIONAL COMPULSORY LECTURES FOR HEAVY Table 12 
ELECTRICAL ENGINEERING 


Compulsory Subjects 


Electrical Machinery. U—Com- 
mutator Machines 

Electrical Machinery. III—Calcu- 
lation 

Electrical Machinery. IV—Parallel- 
ing Problems ; 

Electrical Machinery Design 

Electrical Test II-IV : ote 

Electrical Equipment. I—Low- 
Voltage 

Electrical Equipment. I— 
Medium-Voltage ; 

Electrical Equipment. JII—High- 
Voltage 

Steam Power Stations .. 

Hydro-electric Power Stations 

Principles of High-Frequency 
Engineering 

Communication Engineering 
Laboratory I 

Machinery Laboratory .. aie 

Economics of Heat and Power .. 


Total of additional compulsory 
subjects 


Total of common compulsory 
subjects 


Total compulsory subjects for 
Heavy Electrical Engineering 


Table 11.—ADDITIONAL COMPULSORY SUBJECTS FOR 
COMMUNICATION ENGINEERING 


Compulsory Subjects 


Theoretical Fundamentals of Com- 
munication Engineering I and II 

Communication Equipment I and 
Il 

Communication Laboratory I and 
II 


High-Frequency Engineering I and 
I 


ValvesIlandI,.. es af; 
High-Frequency Laboratory I and 
Il 


Principles of Electrical Measure- 
ment 
Measurement Laboratory 


Total of additional compulsory 
subjects 


Total of common compulsory 
subjects 


Total of compulsory subjects for 
Communication Engineering 


ADDITIONAL SUBJECTS CHOSEN BY UNDERGRADUATE 


General 


Minimum periods per week of 15 
chosen subjects 
Of these, lecture periods 


*Minimum number of subjects — 
Minimum number of periods — 
per week in each subject 


* These subjects must be taught by different persons. 


Table 13 


EXAMINATION FOR THE DIPLOMA IN GENERAL 
ELECTRICAL ENGINEERING 


J. Written or oral examinations in: 


. Maxwell’s theory. : 

. Theory of ions, electrons and the principles of high-voltage 
engineering. 

. Principles of electrical measurement. 

. Electrical machines and drives. 

. Electrical equipment. 

. Electrical communication engineering. 

. High-frequency engineering, including valves. 

. Manufacturing engineering and economics. 
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IJ. Laboratory course work in: 


1. High-voltage and discharge laboratory. 

2. Measurement laboratory. ‘ 
3. Electrical test. 
4. Communication laboratory. 

5. High-frequency laboratory. 


If. Calculation and design of an electrical machine and transformer. 


IV. Laboratory, calculation and design course work in the addi- 
tional subjects chosen by the undergraduate. 


V. Project in a field of electrical engineering. 


VI. Diploma thesis in a field of electrical engineering or in another 
field by special permission of the department. 


The examination syllabus for each of the other two options is 
similar in nature. 

The examinations are not on the contents of the lecture 
courses, but on the fields concerned, and are intended to show 
whether men have done proper reading as well. 


(6.2) Comparative Analysis of a Typical British and Typical 
German Course 


A detailed analysis of a typical German and a typical British 
electrical engineering course was undertaken.* For the German 
course, Munich was chosen, for the sole reason that the informa- 
tion available was more complete. For the British course, the 
choice fell on the Diploma in Technology. 

The London University B.Sc. course was considered, but the 
difficulties of comparison appeared too great, because the 
German student usually takes either heavy-current engineering 
or light-current engineering, whereas the British student of the 
B.Sc. course takes in his final examination both ‘Power and 
Machines’ and ‘Telecommunication’. Although one of these 
is at main level and the other at subsidiary level, this only affects 
the marking scheme at the examination and not the course itself 
Unfortunately we have inadequate information on any of the 
German general courses which might be considered as equivalen: 
to the B.Sc., and to try to construct a course from the Munict 


* Copies of the analysis can be obtained from the Secretary, The Institution o} 
Electrical Engineers. 
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Syllabus in accordance with the so-called ‘free’ section was 
considered to be worthless without a detailed timetable. 

The Diploma in Technology as given at Battersea College of 
Technology is, on the other hand, divided more like the German 
course, and a comparison could be made for either the light- or 

_heavy-current section. Here again it was the amount of infor- 
mation available which decided the choice of the light-current 
syllabus. 

Those engaged in teaching for a particular diploma know 
_ only too well the shortcomings of the syllabus and the difficulties 
in interpreting it. Experience in teaching to a British syllabus 
and a knowledge of the subjects were used in combination in an 
-attempt to analyse the German syllabus. Certain subjects, 
highly detailed in the British syllabus, appear in the German 
one under a more general heading. These were considered to 
be equivalent except where there was a large difference in the 
number of hours devoted to the subject. As far as possible the 
more general nature of the first two years of the German course 
was borne in mind, and the more detailed syllabus of the third 
and fourth years was used to assess the depth of the whole 
subject. 

It is our opinion that a reliable assessment could be made only 
after attendance at selected lectures and practicals in order to 
determine the interpretation of the syllabus. 

Taking the sections of the Battersea Diploma in Technology 
as a basis, the analysis led to following broad conclusions. 

In Principles of Electricity, theory and measurements and 
engineering drawing there is little difference in the subject- 
_Mmatter. Applied Heat in the German course includes refrigera- 
tion, and Electronics and Telecommunication includes the tech- 
niques of high-vacuum production, neither of which is specifically 
mentioned in the Dip.Tech. syllabus. 

In the Engineering Physics section, photo-electric and thermi- 
onic emission do not appear to be included in the Munich 
syllabus. On the other hand, there are in the German syllabus 
a number of items which a Dip.Tech. student would have 
covered before commencing his course. This accounts for some 
of the extra hours spent at the German University. 
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Strength of Materials and Applied Mechanics show little 
difference, but the German student spends more time on Work- 
shop Technology and is given a greater insight into precision 
work. There is, however, no specific mention in the German 
syllabus of measurement techniques. 

The time spent on Power and Machines is approximately the 
same in both cases, but whereas the German student is not 
concerned with power-system economics or with lighting, his 
course includes cross-field machines and magnetic amplifiers. 

The main Mathematics section of the Dip.Tech. course includes 
elements of statistics, which appears to be absent from the 
Munich syllabus. 

The two remaining sections of the Dip.Tech. course show 
considerable differences when compared with their German 
counterparts. This is to be expected, as in both cases these are 
specialized subjects. Many aspects of the Measurements section 
of the Dip.Tech. syllabus appear in earlier years in the German 
course. It is therefore impossible to establish a valid compari- 
son in this section without more knowledge of the level at which 
these subjects are taught. In Electronics the German course 
includes radiation counters, X-ray tubes, particle accelerators 
and the electron microscope, whereas the Dip.Tech. syllabus 
specifies piezoelectric, magnetostrictive and ferroelectric pheno- 
mena, elements of automatic control, oscillators and the effect 
of noise in a system. There is thus a bias in the German course 
to more specialized techniques in electronics. 

Comparison of hours spent on any particular subject can only 
be taken as a rough indication as, firstly, the German syllabus 
is in terms of periods which in some cases are less than one 
hour and in other cases are considerably more. Secondly, we 
have no means of taking into account the method of imparting 
the knowledge which may be by detailed lectures or by basic 
lectures supplemented by printed notes and/or private reading. 
The amount of detail, of a theoretical nature, in some of the 
laboratory notes issued to students would appear to favour the 
latter assumption. If this is so, the depth of teaching would, in 
the case of conscientious students, be greater than the German 
figures imply but probably correct for the less industrious. 


[The discussion on the above paper will be found on page 424.] 


62.378 


The Institution of Electrical Engineers 
Report No. 2987 
May 1959 


PROBLEMS OF ENGINEERING EDUCATION 


Report of a Group of German Professors who visited 
London, Rugby, and Cambridge, 29th June-9th J uly, 1958. 


' (The report was read before a joint meeting of THE SS eae meee ENGINEERS and THE INSTITUTION OF MECHANICAL ENGINEERS 
; 28t. ay, : 


THE MEMBERS OF THE GROUP 


o.Professor Dr.-Ing. H.-G. Kayser (Brennstofftechnik), 
Technische Universitat, Berlin. 

o.Professor Dr.-Ing. K. LuERENBAUM (Maschinenelemente), 
Technische Hochschule, Aachen. 

o.Professor Dr.phil. CL. MULLER (Mathematik), Technische 
Hochschule, Aachen. 

o.Professor Dr.phil. R. SAvER (Mathematik), Technische 
Hochschule, Munich. 

apl.Professor Dr.rer.nat.habil. H. STEFANIAK (Mechanik), 
Technische Hochschule, Munich. 

0.Professor Dr.-Ing. R. WILLE (Strémungslehre), Technische 
Universitat, Berlin. 


The group included three engineers, two mathematicians and one 
physicist. 


(1) PURPOSE OF THE VISIT 


In Great Britain the demand for more and better technologists 
and engineers has led to a remarkable expansion and develop- 
ment of the traditional university engineering faculties and 
moreover has given rise to new forms of higher engineering 
education at some of the leading technical colleges. In the dis- 
cussion of these developments, reference has been made in 
Britain to the German technical universities and their courses 
leading to the degree of Dipl.-Ing. A team of English university 
teachers visited German technical universities in March, 1958, 
and our return visit was arranged in order to provide a wider 
background for mutual information. 


(2) ACKNOWLEDGMENTS 


The very kind invitation for our visit was conveyed by the 
British Embassy in Bonn. The Foreign Office and the Ministry 
of Education assumed responsibility for travel arrangements, 
accommodation and visits. Leading personalities of univer- 
sities, colleges and industrial firms contributed to the success of 
our visit. Due to the excellent preparation of the programme 
and thanks to the readiness of our hosts to deal with our sus- 
tained flow of questions, it has been possible to take home with 
us a lasting impression of the well-founded and far-reaching 
plans for the development of engineering studies. To all the 
persons and organizations concerned we wish to express our 
thanks and our appreciation. We are specially indebted to Mr. 
D. B. Welbourn, Dean of Selwyn College, Cambridge, who 
with his excellent understanding of German university life was 


a most deeply-appreciated interpreter of the English academic 
scene. 


(3) INTRODUCTION 
The report is restricted to a tentative comparison of the 
English and German methods of organizing engineering educa- 


tion at university level. Problems of institutions without degree 
courses or their equivalent have not been studied. 


The Council of The Institution of Electrical Engineers wish to express their thanks 
to the authors for permission to pubkhish the report. 


The historical development of engineering studies in England 
has resulted in many kinds of higher engineering training which 
provide various roads to advancement. It is impossible to find 
parallels in all cases to German institutions and German nomen- 
clature. We therefore are afraid that this report is not only 
incomplete but is in many respects weakened by somewhat crude 
comparisons. 

Some of the more descriptive passages may appear super- 
fluous to the English reader, but they had to be included for the 
benefit of the German reader, who needs more than a fortnight 
of travelling in England to grasp the meaning of ‘Sandwich 
Courses’ and ‘Mechanical Sciences Tripos’. 


(4) UNIVERSITIES AND COLLEGES OF ADVANCED 
TECHNOLOGY 

We visited university engineering faculties at London and | 
Cambridge. Of the colleges of advanced technology, we visited — 
Battersea and Rugby. 

English universities, unlike their German equivalents, are not 
responsible to the Ministry of Education. They are inde- 
pendent bodies and their right to confer academic degrees lies 
in a Royal Charter. Financial grants from the State are dis- 
tributed by the University Grants Committee, a body to which 
no equivalent can be found in Germany, neither with regard to 
actual power nor with regard to its constitution. 

The technical colleges, on the other hand, are responsible to 
the Ministry of Education, which provides and administers their 
budget. In this respect the technical colleges are similar to all 
German technical universities, except that of Berlin, which is a 
chartered corporation with its own financial administration. 

We understood that within the Imperial College as a whole— 
which is a part of the University of London—it is the City and 
Guilds College which provides engineering courses comparable 
to those in our German faculties of mechanical, electrical and 
civil engineering. The statement that all undergraduate courses 
were honours degree courses did not at first convey anything to 
the German visitors, as all German technical university courses 
are at one and the same level. 

In the Engineering Department of Cambridge University we 
saw courses of study for which no German parallel can be found; 
e.g. the fact that a student can take his B.A. degree in any of 
three courses, the standards of which are different. The best 
students, some 30% to 40%, take the first part of their final 
examination—Part I, Mechanical Sciences Tripos—as early as 
the end of their second year. During their third year some 
specialization takes place leading to Part IJ. The greater part 
of the students takes Part I at the end of the third year. This 
examination is a very general one. An undergraduate studies 
engineering in general and not mechanical or electrical or aero- 
nautical engineering. Specialization of this kind is provided 
only for those reading for Part II in their third year. For the 
teacher this system means that the subjects of Part I have to 
be taught at two different levels. 
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Students lacking a first-class knowledge of mathematics can 
reach their degree by a course called “Engineering Studies’. 
About 10% of all engineering students follow this path. The 
decision whether a student takes the three-year honours course 
to Tripos Part I, or the three-year course in engineering studies, 
is taken on the strength of an examination at the end of the 
first year. 

Battersea College of Technology is one of the new Colleges of 
Advanced Technology. Students can choose between two 
courses, namely University of London Courses or Technological 
Diploma Courses. 

Battersea is not a part of the University of London, it is true, 
but it is a “Recognized Institution of the University of London’ 
in the faculties of science, engineering and music. Many mem- 
bers of the teaching staff are ‘Recognized University Teachers’. 
An engineering student at Battersea who follows the University 
of London course acquires the degree of B.Sc.(Eng.), but in 
contradistinction to Imperial College, the courses at Battersea 
are not honours degree courses. 


The diploma courses at Battersea have their emphasis more 
on the practical side of engineering. The newly introduced 
Diploma in Technology (Engineering), Dip.Tech.(Eng.), is 
not an academic degree like our German Dipl.-Ing. The 
Dip.Tech.(Eng.) is awarded by the National Council of Tech- 
nological Awards. The course is a combination of three to 
four years’ work at the college, with at least one year in 
industry. This year in industry is not a parallel to our German 
pre-university practical experience, during which our future 
students are intended to gain some skill in and a practical 
knowledge of manufacturing processes. The year in industry, 
fitted into the Dip.Tech.(Eng.), course, demands more or less 
the proficiency of a trained engineer. 

Rugby College of Engineering is in many ways similar to 
Battersea. Students may choose between a course leading to 
an academic degree or a course leading to the Dip.Tech.(Eng.). 
In Rugby, too, the academic degree is that of the University of 
London, but while at Battersea one acquires the London internal 
degree, at Rugby it is the London external degree. 

A remarkable variant in higher engineering education, pro- 
vided by the colleges of advanced technology are the sandwich 
courses. The term ‘sandwich’ indicates *that the students 
alternate half-yearly between college and factory. This type of 
engineering education should be specially successful if, as in the 
case of Rugby, a well-staffed and well-equipped technical college 
is in the neighbourhood of two big and famous manufacturing 
companies. 

Summarizing what precedes, we find that in England higher 
engineering training is based on two different concepts. The 
old engineering faculties of the universities concentrate on 
general and applied sciences. The colleges of advanced tech- 
nology direct their courses towards the more practical sides of 
engineering. To employ German terminology, we are tempted 
to say that the engineering sciences (Ingenieurwissenschaften) are 
taught at the universities, whereas the art and craft of engineering 
(Ungenieurkunst) is emphasized at the colleges. In a modern 
community, it is true, engineers have a great variety of tasks, 
but a strict separation of science and art in engineering educa- 
tion does not appear desirable. However, we feel that the 
English development of two separate types of institution for 
higher engineering, one with emphasis on scientific principles, 
and the other with emphasis on technical principles, meets the 
requirements of our time. The fields of teaching and research 
have tecome too complicated and too extensive, and a student 
during his four or five years of training cannot devote equal 
attention to both sides of engineering. 
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(5) PROFESSIONAL INSTITUTIONS, INDUSTRY AND 
UNIVERSITY 


In England the academic qualifications conferred by degree 
and professional qualification as an engineer are two separate 
and distinct things. In Germany the academic degree Dipl.-Ing. 
is at the same time a professional qualification. In England the 
universities provide the preparation for a career in engineering, 
whereas recognition as a full member of the profession lies with 
the institutions. 

The institutions have been incorporated by Royal Charters, 
and they set their own qualification examinations. 

The German system has two disadvantages: the term Dipl.-Ing. 
(Diplom-Ingenieur) has a dual meaning, and it is often employed 
to suggest, unfairly, a better-trained engineer; and the technical 
universities bear the twofold load of academic and professional 
training. We formed the impression that the English professional 
institutions have many advantages. They seem to be the proper 
place for ascertaining views on the adjustment of professional 
standards, and through their qualification examinations they set 
and maintain a recognized standard for the profession. Further- 
more, the institutions exert some influence on the university 
examinations, since it lies in their discretion to accept certain 
university examinations as exempting from part or whole of the 
professional examinations. 

In Germany it is often said that only the theoretical founda- 
tions of engineering are taught at English universities, roughly 
corresponding to the subjects of our first two years. This state- 
ment is incomplete. It is true that an English engineering 
student during his three years at the university has no oppor- 
tunity to apply his knowledge of a machine by designing one, 
and in his lectures practical problems of industrial production are 
only occasionally treated. But it must be borne in mind that 
professional training does not end with the academic degree. A 
university graduate who joins an industrial firm has the status 
of an engineering apprentice; not until some four years have 
elapsed can he qualify for the membership of an institution. 

During our visit to the works of the British Thomson-Houston 
Company we learned how a five-year scheme of engineering 
training operates. The most modern way is a five-year sandwich 
course at Rugby College of Technology. Another possibility is 
to take one year’s basic training in the works, followed by three 
years at a university and another year of special training in various 
branches of a big company. 

Our impression is that big firms in England devote much time 
and money to the further education of their young graduate 
members. Very much is done for very small numbers in order 
to raise the standard of a few outstanding people. 

It is conceivable that the big industrial firms can build up their 
own training departments. But we could not get a clear picture 
of what smaller firms were doing with their university graduates. 
In the discussion we learned that, in England as in Germany, 
small and medium-size firms are becoming more and more 
interested in university graduates. In small firms, as, for example, 
in the field of air conditioning, the graduate of a German 
technical university usually fills a fully-paid post after a com- 
paratively short time. The German courses provide a well- 
balanced combination of instruction in scientific principles and 
applied science in specific fields of engineering studies. If we 
have understood correctly, we feel that the new Diploma in 
Technology courses will be of great value to all industries in 
which additional training on a wide basis cannot be provided. 

In England, as in Germany, the larger firms do not usually 
attach much importance to whether a recently graduated engineer 
can be employed immediately in a normal capacity. He is 
expected rather to bring with him a good comprehensive know- 
ledge of mathematics, mechanics, metallurgy and thermo- 
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dynamics or electrical engineering, as deficiencies in these subjects 
cannot be remedied once his professional career has begun. It 
is expected that university trained engineers will be able to 
engage in fundamental research and to draw on knowledge in 
all fields of science. For such engineering tasks the graduate 
from the Imperial College or from Cambridge is better prepared 
than the German Dipl.-Ing. The English student throughout 
his undergraduate years lives in a purely academic atmosphere; 
it is not until the beginning of his apprenticeship in industry that 
he comes into contact with empirical methods and with such 
facts as can be acquired by application. Practical facts are 
learnt from those who are occupied directly with these problems. 

We learnt that each of the four establishments we visited ran 
post-graduate courses. These are broadly planned courses for 
engineers who are already following their profession. They 
deal with special subjects such as ‘Nuclear Energy’ or ‘Gas- 
Turbine Engineering’. They run for a full academic year and 
end with a final examination for which the successful candidates 
are awarded a special certificate. 

These post-graduate courses make great demands on the 
teaching staff, since the latest developments in a given field are 
always treated. We gained the impression that they are equally 
valuable to university and industry. It is to be regretted that 
such courses are not to be found at German technical universities. 

To summarize: it can be stated that the English plan, of 
dividing the higher education of engineering into a more strictly 
practical-cum-technical and a more strictly scientific type of 
study, meets the requirements of the various industries and the 
demands of firms of the most varied character. 

It has already been remarked (Section 4) that the non-uniform 
organization of engineering studies in England corresponds also 
to the differing abilities of young students besides taking account 
of the necessary limitations in the length of university studies. 


(6) TEACHING STAFF, TEACHING METHODS AND 
EXAMINATIONS 


A university teacher is both teacher and scholar. This dual 
function distinguishes universities from institutions concerned 
with a purely vocational training. This is, of course, also true 
of Germany. In contrast to Germany, it is endeavoured in 
England to co-ordinate research projects within a department. 
The possibility also exists of varying an individual’s load of 
research and teaching from year to year. This is a consequence 
of the hierarchical structure of an English university department. 

The English concept of ‘education and research’, which 
corresponds to the German ‘Lehre und Forschung’, applies to 
individuals as well as to institutions. ‘Education’ comprises 
more than ‘Lehren’ (i.e. teaching) by lectures, examples, and 
seminars. English universities consider it their task to con- 
tribute to educating the student for life in society by providing 
halls of residence for teachers and students. Rows of streets 
are being converted into students’ quarters in the neighbour- 
hood of the generously planned new Imperial College. At 
Rugby, new houses with modern single rooms for students are 
being put up simultaneously with the new building for the 
laboratories in the grounds of the Engineering College. This 
expenditure, which is very considerable by German standards, 
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tories in the department of aeronautics at Imperial College which 
are superior to anything to be found in German technical * 
universities. 

The two colleges of advanced technology which we visited, at 
Battersea and Rugby, are experiencing a period of development — 
with regard to their new responsibilities. At Rugby we saw 
old laboratories used by students of high-frequency engineering 
which in respect of the equipment and the nature of the problems 
dealt with are comparable with the corresponding German — 
facilities. We noticed at Battersea that, in the reorganization of 
the engineering laboratories, small modern units, e.g. refrigerating — 
plants, were preferred in order to facilitate a student’s view of 
the gauges. 

Besides the many new facilities, as a consolation for our own 
universities, there are still to be seen veterans whose bearing 
bushes will not need to be adjusted even by another twenty 
generations of students. 

A notable difference between the German technical univer- 
sities and the English establishments we visited consists in the 
formal structure of the teaching staff. Whereas the whole 
responsibility for teaching in Germany is in the hands of the 
professors, there is a difference in the official designations in 
England: Professor, Reader, Senior Lecturer, Lecturer. The 
various positions differ in remuneration and indicate possibilities 
of advancement within one and the same department, without, 
however, indicating academic qualification or the degree of | 
responsibility for teaching and research. It is possibly correct 
that a leading personality cannot be attracted to the university 
without being offered the post and title of Professor, but it is | 
quite certain that there are just as outstanding scholars among 
the readers and lecturers as among the professors. The official 
designation of Professor appears to be restricted at present to 
universities. At Battersea and Rugby, where the courses of 
studies lead to a university degree, no member of the teaching 
staff holds the title of Professor. 

This digression should serve merely to indicate that the 
external form of the English establishments does not provide a 
means for assessing the level of studies and research. 

One category of English university teacher with which we 
are unacquainted in Germany is the Head of the Department. 
At a German technical university the academic post of a Vorsteher 
der Abteilung Maschinenbau (i.e. Head of the Department of 
Machine Construction), or of Dean of the Faculty of Mechanical 
Engineering, is mainly an honorary appointment, the holder of 
which prepares and conducts the respective meetings as primus 
inter pares. A Head of Department, however, by virtue of his 
office and on the strength of his scholarly reputation can pro- 
foundly influence the form that teaching and research take in 
the department. 

In a German department or faculty a large number of pro- 
fessors are at any given time in a position of equality, and it is. 
very unusual for a single personality to be able to exercise a 
sustained influence on the teaching and research activities of the 
combined teaching staff. We are fond of saying that the German. 
universities are republics of scholars, and imply thereby a. 


favourable situation, at least as far as the professors are. 
concerned. 


An English university department shows the forms of a 
hierarchical structure and as a consequence affords the possi-. 
bility of an even distribution of the teaching load and within. 
certain limits of annual readjustment. 

In Germany we are of the opinion that responsibility for the: 
lectures, as the keystone of university teaching, rests with the- 
professors. It is true that we entrust young assistants with the. 
supervision of examples classes, without, however, relinquishing: 
responsibility for this branch of teaching. In the lectures we., 


is being undertaken also on behalf of the sandwich students. 
It is our impression that the halls of residence in England are 
an integral part of the university, just as much as lecture rooms, 
laboratories and libraries. 

At Cambridge and Imperial College very good provision for 
research on the part of the teaching staff as well as the students 
has existed for a long time. This provision has been completely 
renewed in recent years. We saw teaching and research labora- 
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so to speak, deploy a large force of knowledge and experience. 
In England the approach is different. In all or most lectures 
the students meet young lecturers who were themselves a short 
time previously still students, even though very able ones, and 
it is frequently the case that the gap between the teacher and the 
taught is quite narrow. As a matter of interest we should like 
to mention that we could not presume to apply a higher standard 
of examination questions in the final examination for the 
diploma (Diplomhauptpriifung) than is general in England. 

. In the Engineering Departments at Oxford and Cambridge, 
it is expected that most members of the teaching staff should be 
able to teach every subject in the 3-year. undergraduate course. 


_ One of the reasons for this is that Oxford and Cambridge 


colleges expect their teachers to take part in supervision. The 
hierarchical structure of their teaching staff favours such 
versatility, because the material and syllabus are scrutinized and 
revised at regular intervals. Narrow limits are set in respect of 
the personal and individual form given to the lecture, but the 
whole syllabus is carefully planned and immediate in its content. 

We are of the opinion that this procedure has many advan- 
tages with regard to the favourable employment of the time 
available for study, and also with regard to an even distribution 
of the teaching load. We see, however, a disadvantage in the 
fact that the syllabus, aiming at a fixed examination level, is 
pursued almost along school lines. The personality of the 
teacher and the individual characteristics of the methods of 
scholarship of a professor do not in most cases appear in the 
undergraduate courses. In our opinion these lecture courses 
should be supplemented by courses of lectures which are fully 
imbued with the teacher’s approach and experience. 

All examinations in engineering at the English universities 
are written ones, in which the name and the identity of the 
candidate are unknown to the examiner. The examination 
questions are set by a university committee which includes 
representatives from outside the university, in order ‘to guarantee’, 
as it runs in the statutes, ‘an unvarying level of achievement’. 

This procedure has the advantage that the standard can be 
controlled and readjusted at any time. The disadvantage of the 
procedure, it appears to us, lies in the fact that, because of the 
limited number of possible permutations which can be set, 
their repetition cannot be avoided. As a result, there is a danger 
that the student relies on old questions in preparing for the 
examination and that an understanding of scientific principles 
is replaced by a clever treatment of constantly recurring questions. 

In the German system of oral examination the variation of the 
question is also limited. But an examiner is quick to realize 
from the answers given by a candidate whether the actual 
background of the problem has been understood, whether 
independent thought is being expressed or whether purely ad hoc 
ideas are being produced. 

We were frequently asked how the standard in our oral 
examinations was maintained and guaranteed. This is a difficult 
question. It is not usual at technical universities in Germany 
for colleagues in a given department to exchange information 
concerning the character and scope of examination questions. 

On the other hand, it is well known that different professors, 
even at different universities, will form almost exactly the same 
impression of a given student’s capabilities. A standard seems 
to exist, consequently, even in the absence of any direct written 
or oral agreement, which all examiners recognize. Mutual 
agreement on this standard is achieved in part by means of the 
written examples which the student is required to complete and 
which are available to every member of the teaching staff. 

Furthermore, the German system of supplementing the 
teaching staff determines the examination standard to a very 
considerable extent, and this standard is the same at all univer- 
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sities. The number of technical universities in Germany has 
never exceeded ten. A university teaching career without 
industrial experience is most unusual in the engineering faculties. 
The appointment to a professorship can be made in one of two 
ways: either directly from industry, or some ten or twenty years 
after the person concerned has taken his doctorate or his 
‘habilitation’. [Habilitation is the professional qualification 
entitling the holder to teach at a German university (venia 
legendi). In the case of a professorial appointment, neither 
doctorate nor habilitation is necessary.] It is also a rule, even 
though not without exception, that a first appointment to a 
professorship is not made at the university where the doctorate 
has been acquired or where the venia legendi has been awarded. 

By the exchange of outstanding teachers within a small number 
of universities, the standard is maintained at a uniformly high 
level, and an absolute standard is represented in the scientific 
achievement of outstanding individuals. 

At none of the four establishments which we visited were 
lecture classes large. Some lectures were attended by 100-150 
students, but an attempt is being made to limit the number to 
40-50. The number of students accepted by a given depart- 
ment is related to the number of teaching staff and the load 
they can be expected to carry. As a rule the ratio is of the 
order of 1:8 to 1:12, related to the whole institution and 
the total teaching staff. 

Engineering studies at Cambridge are pursued on very general 
lines. The studies are engineering, not civil engineering, 
mechanical engineering, etc. All subjects in the engineering 
courses, including mathematics, are taught by members of the 
staff of the Engineering Department, and, in general, those 
teachers are preferred who have themselves pursued their studies 
in this Department. The professors and lecturers in mathe- 
matics are not associated in any way with engineering studies. 

At a German technical university there is no organization 
comparable to such a department. The brief impression which 
we gained of this unique Cambridge institution does not permit 
us to venture a judgment. 


(7) UNIVERSITY AND SCHOOL 


At the end of secondary school education in Germany the 
Reifezeugnis is awarded. This is not only a certificate to the 
effect that the necessary standard has been reached for pursuing 
a course of studies at a university, but is also an entitlement to 
admission to a university. The English General Certificate of 
Education (G.C.E.) merely testifies that the prescribed standard 
has been reached. It is not an entitlement to admission to a 
university. 

The English universities are able to make admission dependent 
upon success in an entrance examination, or they can demand 
evidence of high marks in individual subjects taken in the G.C.E. 
examination. As the G.C.E. examination is not simply a school- 
leaving certificate, but rather can be used to obtain admission 
to a particular university in order to pursue a definite course of 
studies, it follows that the English universities are able to exercise 
a considerable influence on determining the level of the G.C.E. 

It is without question of great advantage in technical studies 
if a university is in a position to ensure that candidates shall 
have reached a high standard in mathematics and in the natural 
sciences whilst still at school. At the same time there is, in our 
opinion, a disadvantage that in England an excessive emphasis 
on individual subjects and an attendant narrow specialization 
can begin at school. A pupil planning to read engineering at 
Cambridge is able at, say, the age of 16, to specialize during his 
final school years up to the G.C.E. advanced level, in mathe- 
matics and natural sciences, so as to obtain the high marks 
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required in the subjects by Cambridge. In other subjects he can 
content himself with doing just enough to pass. 

For historical reasons it has resulted that most potential 
engineers would like to study at Cambridge if possible. Conse- 
quently Cambridge has the first choice from a large number of 
excellent candidates and is therefore in a position to maintain 
a steady influence on the entrance standard. Imperial College 
is in a similar position, but it seemed to us that the two colleges 
of advanced technology we visited are not so fortunate. We 
consider it possible, however, that this picture will change as a 
consequence of the introduction of the new course of studies. 
Dip.Tech.(Eng.) courses will appeal to precisely those students 
for whom there previously existed no opportunity to study at 
university level, namely those who incline towards the practical 
side of the engineering profession. 


(8) CONCLUSIONS 


Whereas in Germany engineering training must be discussed 
in the context of the final diploma examination of the technical 
universities, in England it is the examinations of the universities 
and also those of the professional institutions which are of first 
concern. 

English universities are able to concentrate on the training of 
future engineers with a firm grounding in basic scientific prin- 
ciples, and the emphasis in the university engineering faculties 
is placed on the mathematical and natural science disciplines. 

In the engineering departments of the new colleges of advanced 
technology, engineering studies are directed more towards prac- 
tical subjects—through either sandwich courses or courses in 
workshop practice, design and management. This dual approach 
to engineering studies at establishments of university standing is 
in our opinion a good one, in the light of the requirements of 
the modern industrial society and also in view of a necessary 
limitation of the time devoted to study. 

Professional training is an integral part of courses of scientific 
studies at the German technical universities. This makes con- 
siderable demands both on teaching staff and students. German 
students of engineering have to spend five years (and more) at 
the university. It is the English view that it is wrong to keep a 
young man a student for longer than three years. University 
studies and professional qualification are consequently kept apart. 
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When one considers that large numbers of students in England | 
are in receipt of grants, this system of dividing the period of - 
training seems to be advantageous as regards the distribution of | 
the financial burden. 

All German technical universities have a uniform curriculum 
for the respective fields of engineering. (Such variations as do 
exist are of no importance within the context of this report.) 
This is necessary on account of the combination of professional 
training with the course of studies. The English universities are 
in a position to develop special characteristics and to impress 
upon their academic examinations a different accent and a 
different standard, because the professional qualifications of 
engineers in England are regulated by the professional institutions. 

Since the English universities do not claim to provide a full 
engineering training, they are able to adapt themselves easily to 
the rapidly developing trends of modern science: it is not 
necessary to wait until an expert has been found in industry in 
order to be able to provide teaching in a new field, but instead 
one can simply entrust this field to a young university teacher 
who then develops it. 

The teaching methods in the undergraduate courses appear 
by German standards somewhat elementary and too closely 
related to the examination. The student at a German technical 
university learns more about the whole scope of a field of 
knowledge, and the professors endeavour to give their students 
an intimate contact with theory and its application, and this in 
their own individual way and by reference to their own research. © 
We have the impression that what we call eine akademische 
Vorlesung in Germany appears in England only at the stage of 
the post-graduate courses. . 

We believe that more could be done in Germany in the first 
and second years of study in the form of instruction (Schul- 
betrieb). The optimum probably lies somewhere between the 
English and the German methods. 

We gained the impression that the importance of engineering 
studies to the life of the nation is appreciated to a far greater 
extent in England than in Germany. The colleges of advanced 
technology and the engineering faculties of the universities have 
new buildings, the planning and equipment of which clearly 
reveal that, not only are existing gaps being filled, but plans 
are being made on a broad scale for the future benefit of 
industry. 


DISCUSSION ON THE ABOVE PAPER AND REPORT BEFORE A JOINT MEETING OF THE 
INSTITUTION OF ELECTRICAL ENGINEERS AND THE INSTITUTION OF MECHANICAL ENGINEERS, 


28TH MAY, 1959 


Mr. E. D. T. Jourdain (Lord President’s Office): On behalf of 
the Lord President’s Office, I should like to say how grateful we 
are to Mr. Welbourn and his colleagues and to Professor Wille 
and his colleagues for undertaking these studies. 

As part of the Lord President’s general concern for science 
and scientific policy, he is greatly concerned with the policy of 
providing adequate numbers of scientists and technologists. He 
takes a great interest in the developments which are now taking 
place in the field of engineering education, such as the colleges of 
advanced technology and the expansion of the universities, and 
it was felt that at such a time it would do nothing but good if we 
took advantage of what was already in operation abroad so that 
where necessary we could adopt the best practices of other 
countries. It was with this in mind that the Lord President’s 
Office, with the aid of the Foreign Office, arranged for Mr. 
Welbourn to take a small party over to Germany in order to 
study and to report upon the educational systems in that country 
for mechanical and electrical engineers. Similarly, we were very 


glad to welcome Professor Wille to this country in order to give 
us an outsider’s view of some of the problems which arise here. 

We hope that this interchange will be regarded as of value by 
those who are responsible for the development of engineering 
education in this country, and we look forward to further 
exchanges in the future, both with other countries and between 
other types of engineers. 

Dr. K. R. Sturley (B.B.C.): Five years ago I received an invita- 
tion from the Foreign Office to examine certain aspects of indus- 
trial training in Germany, and during that time I was able to visit 
the Ingenieurschule in Hamburg, the Technische Hochschule in 
Hanover and the Technische Universitat and Ingenieurschule 
Gauss in Berlin. In looking over my report on this visit I find 
a number of my observations are paralleled in the present 
reports and some are worth underlining. The first concerned 
the professor, who in Germany is seen as a highly-qualified 
specialist with a title derived from a section of electrical engineer- 
ing and not from electrical engineering as a whole. This has 
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some advantages since a specialist is often very enthusiastic and 
sometimes shows more drive than one who is concerned with a 
wide field of activity. There are two disadvantages: the specialist 
can be too obsessed with his own subject and there is therefore a 
tendency for technical efficiency to be regarded as more impor- 
tant than the true education of the student. In the Technische 
Universitat in Berlin a department devoted to the humanities was 
responsible for 12-15% of an engineering student’s time, but 
this 12-15% was regarded by some engineering professors as lost 
to their subject with little gain to the student; it would be interest- 
ing to know whether their attitude has changed. We in this 
country are very aware of this particular problem, and Prof. 
Mansell Jones in a letter to The Times (25th May, 1959) indicated 
our own dilemma. 

Another observation concerned the mobility of the under- 
graduate, who is able if he so wishes to wander from one uni- 
versity to another. This has advantages but also disadvantages, 
the chief of which is that it discourages the professor from close 
contact and personal interest in his students. The mobility at 
undergraduate level contrasts markedly with the difficulties in 
changing from one educational stream to another, for example 
from an Ingenieurschule to a Technische Hochschule. Transfer 
across the educational ladders is much easier in this country. 

It is perhaps not surprising to find that in Germany there are 
relatively few courses at post-graduate level. They are less 
necessary when a student has an additional two years of training, 
particularly when that training is biased towards design. The 
impression one gains of German electrical engineering education 
is that professors try to foresee and put before the student as 
many as possible of the kinds of situation which he is likely to 
meet in his industrial life. We take an entirely different view and 
feel that it is impossible to visualize what a man will have to face 
in the next 30 years, and only try to give guiding principles to 
help him deal with each obstacle as he meets it. There are 
objections to spending a longer time at the university with its 
rather cloistered atmosphere, and I recall an experience of earlier 
days when I was a training officer to an electronics firm. The 
graduates we recruited were given a specialized six months’ 
training course before they were sent to the research or develop- 
ment department. When asked for their comments after the 
course many replied, ‘We liked it but would have preferred to 
have it after about a year in the factory. We felt we wanted to 
earn our living and the six months’ course seeméd-to be merely a 
continuation of our university studies’. 

The German method of relying very largely on an oral 
examination at the end of the university course has considerable 
merit because it does enable a man’s standard and depth of 
knowledge to be probed rather more fully than by a written 
examination, in which the choice of questions may be a lucky or 
unlucky one for the candidate. The chief disadvantage of the 
oral examination is that it is very time-consuming. 

- In discussing education it is very difficult to be objective and 
extremely easy to see where the other country fails. It is more 
profitable to examine those aspects where the other country 
appears to do better, and there are two ways in which we can 
learn something from the Germans. I think that for the 
majority of graduates the stress which is laid on design and 
production in German universities is very valuable. We in this 
country are inclined to place research on a pedestal and put it 
before the student as the be-all and end-all of his career. 
Research is undoubtedly a most important activity, but rela- 
tively few of those who graduate are fitted to undertake it. The 
longer period of time spent at the university by the German 
engineering student and the stress laid on design and production 
are of considerable help to the graduate who enters the small 
industrial firm. It seems likely that the number of graduates 
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entering such companies will increase year by year, and unless 

they are able to gain the same experience as their colleagues in 

the large firm, their professional usefulness will be limited. This 

emphasizes the need for increasing attention to be paid to the 

ant training scheme for graduate engineers in the smaller 
S. 

Dr. B. V. Bowden (Manchester College of Science and Tech- 
nology): Engineering has been taught on the Continent in 
institutions of university rank very much longer than it has been 
in England. The Technische Hochschule in Charlottenberg 
began in 1799 and had achieved a position comparable to any 
other university in Germany before the middle of the last century, 
by which time many other similar Hochschulen had been founded 
in other European countries. In this country, on the other 
hand, the first large university school of engineering was not 
founded until about 1870. Our universities contributed little 
or nothing to the industrial revolution in England. Other coun- 
tries developed their technological universities in the hope of 
industrializing themselves. The growth of the Continental 
Hochschulen since the war has been very rapid and most impres- 
sive; for example, during the last ten years the Germans have 
created in Aachen a Hochschule devoted entirely to the education 
of scientists and technologists which is as big as Oxford or Cam- 
bridge. Its size was determined partly by the belief that a 
properly equipped institute of technology should have about 
100 professors. There are 127 professors and 9000 students at 
Charlottenberg, so that the number of students per professor 
is about the same as it is in English universities. 

The contacts between local industry and Hochschulen are very 
intimate and are fostered in several ways. In the first place 
eminent local industrialists are often elected to membership of 
the university staff as extraordinary professors; such appoint- 
ments are particularly important in the development of new 
subjects hitherto unknown in the university world, such as for 
example the design of machine tools. The directors and senior 
staff of the Max Planck Institutes (which are research stations 
comparable in some way to our own D.S.I.R. stations) are almost 
invariably extraordinary professors or members of staffs of local 
universities. 

Of the 28 countries listed by Unesco, all except Turkey and 
Norway have a greater proportion of their population at a 
university than we have. Almost all American children stay at 
school until they are 18 and go to a university or college after- 
wards. In this country 60% of our schoolchildren leave at 15 
or 16, only 1 in 8 goes into the sixth form and 1 in 16 to a uni- 
versity. The figures which are shown in Table A cannot be 


Table A 


Approximate num- 
ber of university 
students per 
million of the 
population 


No. of students 


Country in universities Population 


16670 
10060 
6 190 
5570 
4550 
2 480 
1815 


175 000.000 
200 200 000 
10 000 000 
2 244 000 
15970000 
900 000 

49 812 000 


U.S.A. .. 2918212 
U.S.S.R. 

Australia Ne 
New Zealand .. 
Canada.. : 
Portugal By, 
United Kingdom 


2013 565 
61 879 
12507 
72 745, 
22319 
90 500 


explained away by arguments based solely on differences in 
standard between our universities and other people’s and on the 
difference in functions of universities in this country and those 
abroad. 
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Finally I would like to make a point in favour of the English 
universities, for I believe that in organization and teaching they 
are more efficient than those in any other country that I know; 
this may go far to explain why we are able to graduate students 
in three years, whereas most other countries take four years. 
The length of university courses, particularly for graduate 
students, is continually growing all over the world. If one plots 
graphs showing the average age of graduation of Ph.D.’s in 
Harvard and the average age of retirement of professional men, 
the two curves appear to intersect in the year 1995; what one 
must infer from this remains to be seen. 

Our university undergraduate courses are short but good, and 
many of our engineers complete their education in courses 
organized in industry. On the Continent, industrial training is 
organized for the students during their undergraduate career by 
the technical universities. 

Dr. R. Feinberg (Manchester College of Science and Tech- 
nology): From my experience in Germany as a student at two 
Technische Hochschulen and as an industrial research worker, 
and in this country as a university teacher and as an industrial 
research worker, I have formed an opinion as follows: 

The German system has an advantage in two significant points: 
a student is required to have one year’s practical experience 
before he can enter for his final examination; and the diploma 
thesis, for which full-time work of at least three months’ duration 
is needed, constitutes a substantial section in the evaluation of 
the examination results which is important as an opportunity for 
the student to demonstrate his ability and initiative in a condition 
free from examination hazards such as nervous tension or 
indisposition. 

The British system, instead of the four years or more required 
in Germany, has the advantage of a three years’ course which 
on the whole is quite adequate, since the course is based on a 
more co-ordinated and comprehensive syllabus than is the case in 
the German system. 

The young person—boy or girl—who enters a university in 
Britain is more mature in attitude of mind than the German 
counterpart. One result is that on the whole the British student 
is more guided by the personality of his teacher or tutor, whereas 
the German student is more guided by the teacher’s rank, and 
this makes quite a difference in his development. 

In research, British graduates are on the whole more capable 
of doing a piece of work on their own, to get their teeth into it, 
and to take responsibility. I cannot accept the rather pessi- 
mistic view expressed by the British team on the professional 
standing of students in this country; on the contrary, I feel there 
is something of value in the British system which commends itself 
and which we should not disregard. 

Mr. N. Griiter (Standard Telecommunication Laboratories 
Ltd.): I was educated in Germany. JI studied at the Technische 
Hochschule in Munich, and have been in this country for only a 
year. I should like to point out one disadvantage of the 
German educational system, which does not occur in England. 

What first struck me when I came into contact with English 
engineers was the facilities offered for evening studies in schools 
or technical colleges. The certificates which an evening-class 
student can obtain in England have a very high standing and 
these are recognized in industry. One can obtain in evening 
classes a degree which is almost of the same value as that of an 
engineer who has followed full-time studies. This is impossible 
in Germany. A German who discovers his vocation for engi- 
neering at the age of twenty-five and wishes to take up a technical 
career, can go to evening classes and obtain some basic knowledge 
in a technical subject, and if he is lucky can sit for an examination 
for a certificate. However, this certificate is of little value. 
German industry considers him as somebody with a technical 
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bias, but he would never attain status as an engineer, although in 
fact he might have acquired the same knowledge. : 

Mr. H. Clausen: I am late of the Admiralty, where I was 
concerned with engineering—of a kind. 

I have to admit in the first instance that I have no experience 
whatever in teaching. I am only concerned, and have been for 
thirty or forty years, with the end product, and I cannot help 
feeling that there is a tendency in the university engineering 
schools to put too much emphasis on the value of what one might 
call the scientific and analytical side and not sufficient on the 
creative side—the design and the actual development work. | 
may be wrong, but there seems to be a generation of engineers 
coming along who are completely at sea in a drawing office, 
which is the only place where the engineer can transfer his ideas 
from thought to material. Whether anything can be done to 
raise the esteem in which drawing is held in engineering work |] 
do not really know. The great masters, or engineers—men of 
the calibre of Brunel, Telford, Stephenson and others—did their 
own drawing. It would be a very good thing for our coming 
generation of engineers if part of their work was not only doing 
the analytical, physical mathematical side of the thing but alsc 
producing something from which manufacture could proceed 
without hesitation or doubt, to show that they were really 
engineers and not purely physicists. 

Mr. F. C. Slaughter: (Glamorgan College of Technology): ] 
have had some experience in Germany and I am extremely 
pleased to see this paper and report. Two things particularly 
interested me. The first was the reference to design, and I think 
that in the paper there is a statement which needs considera: 
tion: ‘We think that the one respect in which the German syste 
should be emulated is in raising the status of design in Britisk 
universities.” I should like to know the attitudes of The Institu- 
tion of Mechanical Engineers and The Institution of Electrica: 
Engineers to that statement. 

What do the authors feel about subjects such as railway 
engineering? In the Hochschulen we find a great many subjects 
such as motor vehicles, etc., which do not appear at all in the 
‘equivalent’ British courses. I think that they have an intrinsic 
value. 

The numbers carried in German schools seem much too largs 
with the present teaching staffs, and British schools can assis: 
German schools in the idea underlying all the laboratory course: 
for the fundamental subjects such as strength of materials anc 
mechanics. From what I have seen of the laboratory courses ir 
Germany, those for fundamentals are either missing or inade 
quately covered. 

Mr. R. K. Turton: I am concerned with the Dip.Tech. rathe: 
than the university type of student, and I am interested in ths 
comment which Mr. Slaughter has just made about design 
The emphasis in the Dip.Tech. system is, of course, partly o1 
practical things such as design, and there is provision in th 
final year in Part C for a design project. This has been varioush: 
interpreted by the Dip.Tech. people themselves, judging by th 
courses which have been accepted by the Council, but ther 
seems to be much scope for the development of the scheme o 
the visiting lecturer from industry. One speaker said that th 
visiting professor in the German universities is very popular, an 
I think he could also be here, despite the prejudice of academi 
circles with regard to the interference of the industrialist. 

I feel that design as practised by the actual working enginee 
could very usefully be transmitted in conversation in seminar: 
etc., as well as in formal lectures. I know that many professiona 
industrialists may find it difficult to talk to students, but 
wonder whether our two major institutions, The Institution o 
Electrical Engineers and The Institution of Mechanical Engineer: 
could not do some thinking on this subject. From the latte 


Institution we have had a report on practical training and there 
1S one in preparation on technical education. I wonder whether 
this point could be considered and whether Mr. Ashdown has 
some Opinions on it. 

Miss S. M. E. Goodfellow (Ministry of Education): I should like 
to say how very interested we, in the Ministry of Education, 
have been in watching this experiment in the exchange of infor- 
mation. We hope it will be the forerunner of others. 

May I also counter Dr. Bowden’s emphasis on the small 
number of university students by recalling that Government 
policy, admittedly after heated debate, is to rely upon the 
existing establishments of further education to produce a large 
proportion of the additional engineers and some extra scientists. 

I am glad that the Dip.Tech. has been mentioned. We hope 
that, in due course, the technical colleges will produce 5000 
qualified technologists a year by means of sandwich courses, a 
substantial number of them having the Dip.Tech. This is only 
the second year of the award, but there are increasing numbers 
in the first and second years and recruitment is very promising. 
Much depends on collaboration with industry. We believe that 
the Dip.Tech., combining experience and training in the works 
and academic work in the colleges, will produce valuable 
engineers. 

May I take this opportunity to correct the impression given in 
the German report that technical colleges are conducted by the 
Ministry of Education. With the few exceptions of national 
colleges and direct-grant establishments, the technical colleges 
have been provided and are run by the local education authori- 
ties with the help of Government grants. 

Mr. N. C. Warshaw: (Evershed and Vignoles, Ltd.): I have just 
returned from three and a half years in Holland, and my work 
has often taken me into Germany. I have had nothing whatever 
to do with Continental colleges at an academic level, but I have 
had to work with engineers from several countries. It seems that 
the German Dipl.-Ing., the Dutch Ingenieur and the Swiss 
Ingenieur, all of whose titles are protected by law, are quite 
distinct from our connotation of the word engineer. 

There has developed, particularly in Holland and I think also 
in Germany, something of a mystique amongst industrialists 
regarding this degree—for want of a better word—of engineer. 
The university trained engineer in both these countries enjoys a 
position as a result of his academic training which is not entirely 
connected with his abilities, and tends, to some extent, to exclude 
the very able but not academically qualified engineer from the 
highest posts. 

This is a problem in Continental industry which has been 
pointed out to me by several non-technical industrial executives 
and directors, and it is very difficult to solve. I hesitate to 
generalize, but I have found that in engineering application 
work—and I use the term in the purely English sense—the 
industrial engineer tends to be more useful than the academic 
engineer; yet many of the Continental technical college engineers 
whom I have come across have been surpassed in the industrial 
hierarchy purely because of their lack of an academic degree. 

This distinction between shall we say the university engineer 
and the equivalent of the technical college or college of advanced 
technology engineer is a disadvantage of the Continental system 
which I should hate to see imported to this country, and I am 
sure that many of my Continental friends and colleagues would 
support this view. 

Mr. R. P. Edwards (E.M.I. Electronics, Ltd.) (communicated): 
Dr. Bowden’s alarming comparisons of the proportions of the 
population graduating from universities in the United States and 
Great Britain are heavily mitigated when we realize that in the 
American language the word ‘university’ covers anything from 
Harvard to a Mid-West collection of colleges of further education. 
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An oversimplified but snap comment on the paper and report 
would seem to be that in the matter of administering engineering 
education the Germans prefer their control to be at the highest 
level (their Technische Hochschulen being responsible to a Land 
Minister of Education), whereas we keep our real control for 
the lowest levels (the English lecturer being confined within a 
highly standardized course as against the German Professor who 
may teach how he will to students jealous of their akademische 
Freiheit). Except for this abused Freiheit, there is probably 
little need for either nation to adopt the administrative methods 
of the other, since each has evolved in response to national 
characteristics. German police, for example, are also highly 
controlled by Land Ministers of the Interior, whereas ours 
function under no more than watch committees. 

The single sentence that most illuminates the two attitudes to 
the content of the engineering courses is to be found in Sec- 
tion 3.1 of the paper by Welbourn et al.: ‘Whereas British 
universities tend to teach engineering by placing major emphasis 
on analysis, German technical universities lay their major 
emphasis on synthesis, or design.” Quite so. Yet synthesis 
is just what engineering is. Analysis is physics. British 
university engineering faculties turn out first-class applied 
physicists, who then acquire their engineering training piecemeal 
in the factory, and as a consequence never quite lose their 
initial bias, which is towards the belief that it is in research and 
not production that they will find problems of worthy intellectual 
calibre. Hence they crowd into the research departments, or 
design departments as a second best, and leave production and 
applications work too much to the practical fellows. Those who 
have recently taken up operational research or work study are 
startled to find that in the shop-floor and management decision- 
making areas there are problems worthy of the most highly 
theoretical thought. If the new Dip.Tech. can correct our 
English bias in this, it will make its greatest contribution. 

Mr. D. B. Welbourn, Prof. D. B. Spalding and Mr. G. L. 
Ashdown (in reply): The discussion has served to emphasize the 
fact that, whereas many Germans envy us our educational 
system, many people in this country are envious of the Ger- 
man system. Dr. Sturley puts his finger on the weak point in 
our system when he mentions the difficulty of the graduate who 
goes into the small firm which cannot offer proper post-graduate 
training. 

The question of the teaching of design in this country is 
difficult. We believe that the proper function of universities is 
the teaching of analysis, and that design, or synthesis, belongs 
properly elsewhere. We suspect that design is also subject to 
rational analysis; but, if so, very little has been published on the 
subject, and at the moment much of what passes for the teaching 
of design is in fact the teaching of drawing office techniques. 
We cannot speak for the attitudes of the Institutions to the 
problem; but part of the strength of the British system lies in the 
large number of educational experiments going on in education 
to-day, particularly in the Dip.Tech. courses. If research has 
got put on a pedestal, firms are often to blame; one of us was 
a foreman before he was twenty-five in a firm which believed 
that a university education was intended to help men to think, 
not to teach them the details of their professions. We do not 
favour the specialized courses of the German Technische 
Hochschulen for this and other reasons that we have given. 

The experiment in general education at Berlin Technical 
University is having much opposition both from some members 
of the staff and many of the students, because it adds a year to 
the time at the university. The average time to graduation is 
steadily increasing everywhere, and this is creating a major 
problem which will only be solved by radical reforms. 

Professor R. Wille (in reply): Many speakers have referred to 
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the problem of the numbers of engineers needed to-day. Our 
German technical universities are of advantage if a sudden 
demand for greater numbers of students arises. Lecturing to 
and examining great numbers of undergraduates has been 
accomplished successfully many times in the history of the 
Technische Hochschulen. It is, however, hard on the student 
to sit in overcrowded lecture halls and to wait for laboratory 
space, and we still have to find out whether the present intake of 
great numbers is impairing the quality of training. 

Dr. Sturley mentioned the Humanistische Fakultat of the 
Technical University of Berlin: this institution has been working 
for ten years, and it is now a well-established part of the 
University. 

It has been stated that the courses in Britain are more 
co-ordinated and are based on a comprehensive syllabus. We 
think that a student’s education is rounded off if he learns 
about the same subject by different approaches, but this rather 
classical Continental way of academic teaching needs more 
time, and I doubt whether we shall be able to uphold it much 
longer. 

To Mr. Warshaw I have to reply that the German ‘Dipl.-Ing.’ 
is an academic degree, and as such it is protected by law. The 
term ‘engineer’ indicating a man’s profession is unfortunately 
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neither officially defined nor protected. It is not my impression: 
that in Continental industries preference is given to the university- 
trained engineer. Among the directors of our firms of all sizes 
one finds as many men from Ingenieurschulen as from Technische 
Hochschulen. 

It is true that in Germany the crossing from one educational 
ladder to another is more difficult than in England. But great 
efforts are being made to improve the situation. At the Tech- 
nische Hochschulen many students are to be found who have 
got the ‘Abitur’ in evening courses or who obtained admission. 
by good marks in the final examination of an Ingenieurschule. 
One difficulty in the German educational system is that the 
young ‘Abiturient’, starting his higher education at a Technische 
Hochschule and after two years finding himself unable to pass 
in mathematics, cannot then transfer to an Ingenieurschule. 
On the other hand, this same young man may be a good prac- 
tical engineer who should not have entered a course based on 
science and mathematics. Having this difficulty in mind J think 
that the new Dip.Tech.(Eng.) courses at the colleges of advanced 
technology are a marked achievement. Especially as sandwich 
courses, they are of advantage both to the men whose approach 
to engineering is a practical one and to the medium-size firms 
which cannot afford a long training for their beginners. 
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SUMMARY 

The paper reviews factors influencing the selection of transformer 

insulation levels, service experience on the British 132 and 275kV 
Grid systems and the testing of transformer insulation. 

A pattern for the overall insulation strength of a transformer, 
relative to service conditions, is developed from examination of test 
procedure, insulation characteristics, variation in voltage waveform, 
voltage transfer to other windings, and the influence of associated 
apparatus. This pattern is compared with the characteristics of pro- 
tective devices, and margins between insulation and protective levels 
are discussed. Circumstances permitting the adoption of transformer 
insulation levels below those now specified are considered, suggesting 
that consequential capital savings for a 132kV system would be 
marginal, but at higher voltages they could be significant. 

A survey of service experience and fault statistics for the British 
high-voltage networks is made, indicating that there would be no 
advantage to change the present methods of surge protection. 

Experience with acceptance tests is reviewed, and suggestions are 
made for a possible revision of insulation test procedure. 


(1) INTRODUCTION 


The insulation strength or insulation level of a transformer 
can be defined in terms of the voltage tests for which it is 
designed. Selection of an appropriate level depends mainly on 
three factors: 

(a) The voltage of the system. 


(6) The method of system earthing employed. 
(c) The degree of exposure to over-voltages. 


The choice therefore involves consideration, not only of the 
characteristics of the transformer, but also of those of the system 
forming part of the general problem of insulation co-ordination. 

Insulation co-ordination is the process of correlation between 
the system characteristics, the insulation strength of its parts, and 
the methods adopted for surge protection, so as to achieve 
reasonable freedom from plant failure and supply interruption. 
It follows that the more efficient and reliable the protective 
device as a separate item of plant, the lower becomes the margin 
which can be tolerated between the protective level and the 
specified insulation strength of the apparatus. 

Surge protection of transformers is usually provided either by 
co-ordinating rod-gaps or surge diverters. Rod-gaps, whilst 
inherently reliable, have the disadvantage that their protective 
characteristics are inconsistent and are affected, amongst other 
factors, by the waveshape and polarity of the surge. Further- 
more, as the surge and power-follow current is directly dis- 
charged to earth, thereby resulting in a system earth fault, 
disconnection of the transformer, if only momentarily, is 
involved. Surge diverters, whilst fundamentally less reliable, 
provide a more uniform performance as their sparkover charac- 
teristics are controlled, and as the discharge is also controlled, 
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system interruption is avoided. The installation of reliable 
surge diverters, with suitable characteristics, should therefore 
allow the selection of a lower transformer insulation strength 
than that necessary with rod-gaps. Provision of surge diverters, 
however, involves increased capital expenditure, and this needs 
to be considered relative to any possible saving from reduced 
transformer insulation and avoidance of plant outage. 

The choice of an appropriate insulation level and degree of 
surge protection is also influenced by the anticipated incidence 
of surge over-voltage, the overhead-line characteristics of asso- 
ciated systems, the degree of shielding provided from direct 
lightning strokes and the arrangement and type of associated 
equipment and connections. 

The object of the paper is to review the selection of transformer 
insulation levels with respect to the foregoing and to existing 
forms of voltage test. A review of experience gained with 
present test procedure and service experience with current 
insulation levels is included. Consideration is restricted to 
system voltages above 66kV, since any saving resulting from 
reduced insulation is likely to be more significant than with 
lower voltages, and, in particular, to the circumstances associated 
with the British 132 and 275kV Grid systems.* Effectively 
earthed conditions, i.e. a maximum earthing coefficient of 80%, 
are assumed. 


(2) VOLTAGES ARISING UNDER SERVICE CONDITIONS 


Service conditions involve voltage stresses of varying magni- 
tude and duration.! These can be summarized as follows: 


(a) Continuous voltage at rated frequency varying within 
declared limits depending on the normal operation of the 
system. The highest value under these conditions, termed 
the ‘system highest voltage’, is usually adopted as the basis 
for selection of voltage test levels. Voltages appropriate to 
the British 132 and 275kV systems are 145 and 300kV, 
respectively, i.e. approximately 10% above the nominal system 
voltage. 

(b) Over-voltages resulting from system faults, the magni- 
tude depending on the earthing of the system and the duration, 
usually limited to a few seconds, and on the form of electrical 
protection used. With an 80% earthing coefficient the voltage 
to earth would be limited to 116 and 240kV for the 132 and 
275kV systems, respectively. This is the value adopted for 
the rated voltage of a surge diverter. Over-voltages of a 
similar nature can arise owing to the sudden disconnection of 
a heavy load, but these normally result in a value less than 
that due to an earth fault although usually of longer duration. 

(c) Internally generated over-voltages, i.e. switching surges, 
comprising transients of widely differing forms and a duration 
within the range 20-3 000 microsec. 

* The principles described and the statistics given in the paper relate to the 132 
and 275kV Grid systems at present operated by the Central Electricity Generating 
Board (C.E.G.B.) and formerly operated by the Central Electricity Authority 
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(d) Atmospheric over-voltages, i.€. surges resulting from 
lightning strokes, of widely differing forms but usually with a 
steeper wavefront than (c) although of shorter duration. 


The magnitude at the terminals of the apparatus both for (c) 
and (d) depends on the characteristics of the system and the 
level of surge protection provided. 


(3) INSULATION CHARACTERISTICS OF TRANSFORMERS 


(3.1) Transformer Insulation Tests 


The insulation level of a transformer is usually designated by 
the full-wave (1/50 microsec) impulse test voltage for which the 
windings are designed. Associated with the impulse test level 
there is a power-frequency voltage test of specified duration 
equivalent to one minute. The latter is included in present 
specifications as a routine test, and the former as a type test. 
For windings with graded insulation normally employed under 
effectively earthed conditions where the separate-source power- 
frequency test voltage is limited by the insulation at the neutral 
end of the winding, the specified value is applied as an induced 
voltage. This practice differs from that for windings with 
uniform insulation where a separate-source voltage is used for 
testing the insulation to earth and between phases, the induced 
test being confined to inter-turn, inter-coil conditions. Test 
voltages at present specified for the 132 and 275kV systems, 
together with values appropriate to an insulation level one step 
lower, are shown in Table 1. The corresponding separate-source 
test voltage for both cases is 45kV. 


Table 1 
TRANSFORMER TEST LEVELS 


Full-wave impulse Power-frequency 


test level test voltage 

kV (peak) kV (r.m.s.) 
450 185 
550* 230 
900 395 
1050* 460 


* Values at present specified. 


The voltage distribution within the windings and to earth 
resulting from the tests differs considerably depending on the 
form of test. 


(3.2) Voltage Distribution under Power-Frequency Test 
Conditions 


During power-frequency voltage applications the voltage dis- 
tribution can be considered as uniform between turns and coils 
and evenly distributed to earth, the potentials to earth depending 
on the test connections employed. 


(3.3) Voltage Distribution under Impulse Test Conditions 


The voltage distribution within the windings and to earth 
under impulse test conditions depends on the form of application. 
Present British practice covers two forms, namely, (a) full waves 
where the applied voltage discharges naturally through the wind- 
ing to earth, and (b) chopped waves, where a voltage wave 
(1/50 microsec) is collapsed on the wavetail across a rod-gap 
or similar device. A further form of application included in 
American practice is a front-of-wave test, where a particular 
rate of rise of voltage is specified such that the use of a rod-gap 
similar to that for chopped waves results in collapse on the 
wavefront. 

Full-wave applications demonstrate the ability to withstand 
surges, which, although limited to a safe value by protective 
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devices, are not subject to complete or sudden collapse. These 
conditions are approached by the correct operation of a surge 
diverter. Chopped-wave applications demonstrate the ability to 
withstand the modified stresses caused by a sudden collapse of 
the surge, assuming that the rate of rise of voltage is such that 
the chop occurs on the wavetail, as may result from co-ordi- 
nating rod-gap operation. The front-of-wave test covers 
similar conditions with steep-fronted waves. 


(3.3.1) Full-Wave Voltage Applications. 

The voltage distribution resulting from a full-wave application 
is, to a great extent, controlled by the ratio of the shunt-to-series 
capacitance of the winding.*;> This ratio governs the distribu- 
tion arising immediately on application of the impulse, and 
consequently the amplitude and duration of any oscillations 
occurring within the winding and to earth, until the impulse is 
finally discharged. 


(3.3.2) Chopped-Wave Voltage Applications. 


Collapse of the impulse on the wavetail, owing to the sudden 
rate of change of voltage, results in increased inter-turn and 
inter-coil stress, although voltages to earth are usually reduced. 

Although the insulation level of a transformer is designated 
in terms of the full-wave voltage, the present procedure for 
chopped waves involves the application of a voltage increased 
by approximately 15°%, so that the chop occurs without undue 
delay. when a gap setting, equivalent to a 50% flashover at the 
full-wave level, is employed. The combination of gap setting “7 
increased voltage usually results in a chopping time of betwee 
3 and 6microsec. Examination of impulse-voltage/time-to- 
breakdown curves for typical transformer insulation (see Fig. 1) 
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Fig. 1.—Impulse-voltage/time curves for typical 
transformer insulation structures. 


From Reference 2. 
-—--- From Reference 6. 


suggests that, after approximately 3 microsec, the curve flattens 
which implies enhanced insulation strength over that require 
for the specified full-wave level. As a conservative estimate 
therefore, it is suggested that the result of the increased voltags 


for the chopped-wave test represents an increase in insulatior 
strength of at least 10%. 


(3.3.3) Front-of-Wayve Voltage Applications. 


The test involves the application of a still higher voltage t 
the line terminal. In view of the shorter duration, however, th 
increased Stress is confined to the entrance insulation; and th 
internal voltages developed are usually less than those arisin; 
from chopped waves. 

Consideration of the voltages specified, compared with th 
curves of Fig. 1, suggests the inherent capability of transforme 
insulation to withstand the applied impulse for the shorte 
durations involved. This is supported by the figures in Table 2 
where the ratio of voltages included in American specifications 
based on a rate of rise of 1 MV/microsec, relative to those fo 


: Table 2 


RATIOS OF CHOPPED WAVE TO FRONT-OF-WAVE VOLTAGE 


Ratio of chopped wave 


Chopped- to front-of-wave voltages 


wave 
test level 


Front-of- 
wave 
minimum 


Full-wave 


test level brent 


sparkover 


Test values Fig. 1 


kV (peak) 
520 
630 
1035 
1210 


kV (peak) 


kV (peak) 
710 
825 
1240 
1400 


microsec 
0-71 : 71 be 
0-825 NC 
1-24 : Pa) 
1-40 : +30 


the chopped-wave test, based on a 15% increase over the full- 
wave level associated with a minimum time for gap flashover of 
3microsec, are compared with corresponding ratios deduced 
from Fig. 1. 


(3.4) Effect of Variation in Waveform 


Variation in waveform of the applied impulse results in 
modification to the voltage distribution developed both for 
conditions to earth and between turns and coils.” 

Decrease in the steepness of the wavefront results in a general 
reduction of the internal stress both at the line end and in the 
body of the winding. The voltages to earth throughout the 
Winding are practically unaffected, although there is a tendency 
to reduce the concentration of stress on the entrance insulation. 
Shortening of the wavetail, other than when a chop occurs, has 
little effect on either the voltage to earth or the internal stress at 
the line end, whilst both, and particularly the former, are reduced 
in the body of the winding. Longer wavetails tend to increase 
the voltage to earth, but their effect on internal stress is usually 
negligible. 


(3.5) Deduced Insulation Strength with respect to Internally 
Generated Over-Voltages 


Although the different forms of impulse voltage demonstrate 
the ability to withstand surges of an atmospheric origin, no 
corresponding test is at present specified to’ demonstrate the 
insulation strength with respect to internally generated over- 
voltages. Owing to their longer duration, these involve stresses 
somewhere between those arising under impulse and power- 
frequency test conditions. 

However, various studies have been made on typical insula- 
tion structures and on complete transformers®:° with the object 
of determining this strength relative to existing forms of test. 
On the basis of a voltage wave rising to a peak value in 
1-4 millisec, it has been deduced that the insulation switching 
surge strength can be safely assumed as equivalent to 1-3 times 
the peak value of the power-frequency voltage, or 80% of the 
full-wave impulse level. A comparison of deduced insulation 
switching surge strength is shown in Table 3. 

As the values in Table 3 are derived from the full-wave impulse 
level, any increase in the insulation strength required by the 
chopped-wave test (Section 3.3.2) will also result in added 
margins. 


(3.6) Apparatus Directly Connected to the Transformer 
Winding 
For a comprehensive assessment of the overall insulation 
strength of a transformer, consideration must also be given to 
the characteristics of apparatus directly connected to the winding, 
i.e. bushing insulators and voltage-regulating equipment. 
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Table 3 


DEDUCED TRANSFORMER INSULATION SWITCHING SURGE 
STRENGTH 


Deduced switching surge strength 


Full-wave 


: Power-frequency 
impulse test level 


test voltage 


Column 2 


Column 1 x0-80 x2 1-30 


kV (peak) kV (r.m.s.) kV (peak) kV (peak) 


(3.6.1) Bushing Insulators. 


The insulation characteristics of a bushing differ from those 
of the transformer winding in that: 


(a) The impulse-voltage/time characteristics for a duration less 
than 3 microsec indicate a relatively higher insulation strength. 

(b) The impulse ratio is usually lower and tending to approach 
that of a rod-gap (approximately 1-5 against 2-2). 

(c) As air insulation is involved the external impulse flashover is 
affected by the polarity of the surge. 

(d) The insulation characteristics are affected by atmospheric 
conditions, e.g. pollution and rain. 


The influence of the foregoing is shown by the tests specified for 
the bushing as a separate component in B.S. 223 (Reference 10). 
However, as the bushing forms part of the entrance insulation 
to the transformer, increased insulation margins relative to the 
protection level may be desirable, and adoption of reduced 
insulation levels merits special consideration in this respect. 


(3.6.2) Voltage-Regulating Equipment. 

The voltage stresses involved are those to earth and between 
contacts of the switching apparatus, the former depending on 
the point of the winding to which the switch is connected and 
the latter on voltages developed in and across the tapping 
winding. Insulation requirements for the voltage-regulating 
equipment must therefore be considered in relation to the asso- 
ciated transformer winding. 

With graded insulation the voltage-regulating equipment is 
usually connected to tappings at the neutral end of the winding. 
The maximum voltage to earth under normal conditions is equal 
to that of the tapping range, and the voltage between contacts 
is equal to that of the tap-step voltage or tapping range, depend- 
ing on the contacts considered and the contact arrangenient. 
Under power-frequency test conditions the voltage to earth 
depends on the test connections, the voltage between contacts 
being proportional to the test voltage supplied. Under impulse 
test conditions both the maximum voltage to earth and the 
voltage between contacts depends on the voltage distribution 
developed by the winding, which is influenced by the design of 
the winding and the physical position of the tapping winding. 

An exception is the case of an auto-transformer with tappings 
at the junction of the series and common winding when part of 
the switch forms the lower-voltage terminal and has to be 
designed to withstand directly applied impulse voltages. 

Impulse-voltage considerations usually dictate the insulation 
requirements of the regulating equipment, and, in certain designs, 
non-linear resistance shunts or special surge diverters are 
employed to reduce the voltages which would appear between 
contacts and across the switch.!!>!2 

As the stresses are controlled by the winding design, no simple 
set of tests can be formulated to cover all conditions. Present 
test procedure, therefore, does not include routine dielectric tests 
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on the switch; the equipment is tested as an integral part of the 
transformer. In practice, however, design limits are assigned to 
the switch, implying selection of a suitable winding design. 
Considering impulse tests on the complete transformer, the 
stresses developed within the winding can be influenced by the 
tapping to which the switch is connected. As the tapping 
position which results in the more onerous distribution is not 
necessarily that which imposes the highest stress on the switch, 
unless there is definite evidence to support the selection of a 
particular position, the test is conducted with the regulator on 
normal ratio. 


(3.7) Voltage Transfer to other Windings 


Consideration has so far been limited to the stress resulting 
from voltage application to one winding. In practice, however, 
there is always at least one other winding on the same limb of 
the transformer. 

When an impulse is applied to the terminal of one winding, 
voltage can be transferred to other windings, both electro- 
statically and electromagnetically, owing to the coupling between 
the windings.!3-15_ At the instant of application, the transfer 
is controlled by the capacitive coupling in a manner similar to 
that governing the initial impulse distribution (Section 3.3.1), 
followed by an electromagnetic transfer proportional to the turns 
ratio of the transformer and the relevant voltage conditions. 
Any external load on the transformer terminals, however, results 
in considerable modification of the transferred voltage, and under 
service conditions the effect of the surge impedance of associated 
connections is usually sufficient to reduce the magnitude to a 
safe value. The electromagnetically transferred component is 
usually more severe than the electrostatically transferred voltage 
peaks. 

A possible exception applies in the case of a machine directly 
connected to the lower-voltage terminals of the transformer, 
when the maximum value of the transferred voltage may be high 
relative to the recognized insulation strength of the machine.!® 17 

Special consideration may also be necessary for an auto- 
transformer, where conditions are generally more severe than 
those for a double-wound unit, and where, under open-circuit 
conditions, the transferred voltage can considerably exceed the 
applied voltage wave.!® 19 


(3.8) Summary 


The overall insulation characteristics of a transformer as 
demonstrated by the various forms of impulse and power-fre- 
quency voltage test, combined with deduced switching surge 
strength and service voltage conditions for the test levels given 
in Table 1, are illustrated in Fig. 2. 


(4) CHARACTERISTICS OF PROTECTIVE DEVICES 
(4.1) Co-ordinating Rod-Gaps 


The protective level provided by a rod-gap is directly related 
to the breakdown strength of the air-gap, and is therefore 
affected by the polarity of the applied surge, the mounting 
arrangement of the gap, the electrode shape and varying atmo- 
spheric conditions. 

A typical voltage/time characteristic for a rod-gap?° is illus- 
trated in Fig. 3, and is compared with a similar curve for trans- 
former insulation on the basis of the latter representing a 100% 
level and the former an 80% protective level. The difference in 
the two characteristics demonstrates the higher flashover voltages 
of a rod-gap for short-time durations and the reduced margin in 
the case of steep-fronted impulse waves. 

In considering rod-gap settings due account should be taken 
of the wide dispersion in flashover.2!_ Under service conditions 
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Fig. 2.—Transformer insulation characteristics. 
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Fig. 3.—Comparison between impulse-voltage/time curves for 


rod-gaps and transformer insulation. 
As for full-line curve of Fig. 1. 
—--- Rod gap, negative polarity. 
—-— Rod-gap, positive polarity. 
Rod-gaps are based on a setting for an 80% protective level. 


one electrode is always at a potential above earth, and there is 
therefore the possibility of corona discharge from the tip. The 
possibility of this discharge acting as a stabilizing agent, thus 
reducing the dispersion, has been investigated but found to have 
no practical effect. The effect of fitting small spheres to the 
end of the electrodes to reduce radio interference has also been 
investigated, but similarly no practical difference in the charac- 
teristic was evident. 


(4.2) Surge Diverters 


Owing to the characteristics of material used in its construction 
(silicon carbide) a surge diverter has a limited and critical thermal 
capacity. It is therefore essential that operation, i.e. sparkover 
of the gaps with consequent current discharge, should not occur 
during either normal or abnormal increase in the system voltage. 
For this reason, the recommended voltage rating of the diverter is 
in terms of the maximum voltage to earth attained under system 
fault conditions,? and depends on the method of system earthing 
employed. 

The protective characteristics, as demonstrated by tests on the 
surge diverter, comprise the following: 


(a) Front-of-wave impulse sparkover, indicating the operating 
level relative to a specified rate of rise of voltage. 


(6) Impulse sparkover, indicating the operating level relative to 
a 1/50 microsec wave. 

(c) Residual discharge voltage indicating the voltage level after 
gap operation relative to a specified discharge surge current. 

Dry power-frequency sparkover voltage indicating the 
operating level relative to voltages allied to system voltages. 
This value also gives a measure of the protective level with respect 
to long-duration switching surges. 


(5) SELECTION OF SURGE PROTECTION AND THE 
INFLUENCE ON TRANSFORMER INSULATION LEVELS 


(5.1) General 


~ Choice of co-ordinating rod-gap protection involves considera- 


tion of two interrelated requirements: 


(a) Whether the arrangement of the system is such that earth 
faults consequent upon gap operation can be tolerated without 
prejudice to continuity of supply. 

(6) If the circumstances in respect of (a) are satisfactory, whether 
ae protective level available offers reasonable security against plant 
ailure. 


When the system conditions are such that either of these 
cannot be achieved, the provision of surge diverters is essential. 

Effective surge protection requires a reasonable safety margin 
between the specified insulation level of the transformer and the 
operating level of the protective device. Whilst this margin will 
depend on the type and location of the device, a value of 20%, 
ie. 80% protective level, at the terminals of the transformer is 
usually recommended. Rod-gap settings and surge-diverter 
rated voltages, corresponding to this margin, for the transformer 
insulation levels covered by Table 1, together with the nearest 
standard diverter ratings given in B.S. 2914, are shown in Table 4. 


Table 4 


PROTECTIVE LEVELS 


Rated voltage of diverter 


Full-wave 


impulse test | Protective level 


80% value 


Rod-gap setting 
Negative wave Nearest 
Standard 


B.S. 2914 


Derived from 


kV (r.m.s.) 
100 
123 
196 
245 


kV (peak) 


kV (peak) 


Col. 4 is based on residual discharge voltages derived from B.S. 2914. 
Recommended diverter rated voltages for system highest voltages of 145 and 
300 kV are 116 and 245 kV, respectively. 


Although the values given in Table 4 may represent a desirable 
protective level, practical considerations could dictate otherwise, 
and the real criterion of a reasonable safety margin depends on 
satisfactory operating experience. 

With rod-gap protection any desired safety margin can be 
achieved by the simple expedient of reducing the electrode 
spacing. Lower settings, whilst providing improved protection, 
involve more frequent gap operation in the majority of instances 
as the result of over-voltages of a harmless magnitude, e.g. low- 
order switching surges. Similar circumstances apply to an 
assessment of a safety margin for steep-fronted waves (see Fig. 3), 
where a setting which provides protection against all forms of 
wave may lead to an unacceptable degree of gap operation. 
Selection of an appropriate setting must therefore be a com- 
promise between a value which is theoretically desirable and one 
which, whilst providing an acceptable, if inferior, level of protec- 
tion, does not result in operational embarrassment. 

The amplitude and form of surge voltages of an atmospheric 
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origin arriving at the terminals of the transformer, however, are 
controlled to a considerable extent by the substation connections, 
and the degree of shielding provided both in the substation and 
on associated overhead lines.?? These extenuating conditions 
and consideration of the anticipated incidence influence the 
acceptable level of protection and consequently the choice of 
gap setting. 

For transformer insulation levels below the values at present 
specified (see Table 1), the gap settings necessary to provide even 
the narrowest safety margin would indicate that the adoption of 
reduced levels associated with rod-gap protection is impracticable. 

With surge diverters the same freedom of choice of safety 
margin is not available, and the selection of a protective level 
is limited, not only by standard voltage ratings, but also by the 
diverter characteristics. For the transformer insulation levels at 
present specified, recommended diverter voltage ratings and 
characteristics based on B.S. 2914 provide safety margins of 24 
and 16% for levels of 550 and 1050kV(peak), respectively. 
Considering transformer insulation levels reduced by one step, 
i.e. 450 and 900kV(peak), the recommended diverter ratings 
would provide safety margins of 7 and 2°% respectively, which 
are insufficient for satisfactory operation. To provide a 20% 
safety margin, system conditions corresponding to earthing 
coefficients of 69 and 65°%% would be necessary, and these, even 
under the most favourable circumstances, are unlikely to be 
achieved. The adoption of transformer insulation levels below 
the values at present specified would therefore involve the pro- 
vision of surge diverters having better characteristics than those 
given in B.S. 2914. 

The possibility of adopting reduced transformer insulation 
levels associated with the use of suitable surge diverters has 
received considerable attention in the United States®:? and some 
service experience has been gained under conditions which per- 
mitted the installation of diverters with a rated voltage corre- 
sponding to an earthing coefficient?>»2+ of 75%. Protective 
levels derived from B.S. 2914 for diverter ratings corresponding 
to a 75% earthing coefficient give safety margins of 11 and 9% 
for insulation levels of 450 and 900 kV (peak), respectively. The 
values given in B.S. 2914, however, represent maxima, and, in 
practice, suitable diverter ratings may be available which offer 
a more acceptable protective level. 

As a manufactured item of plant, owing to the comparative 
complexity of design and the type of material used in its con- 
struction, a surge diverter cannot be regarded as entirely free 
from fault incidence. Statistics based on service experience 
applicable to modern diverters suggest a possible rate of 
failure?> 2° of 0-4 and 0-6%. Furthermore, under conditions 
of severe atmospheric pollution, external contamination on the 
surge-diverter weathershield can disturb the voltage grading 
across the gap assembly,?”28 and with multi-unit constructions 
the voltage distribution between units, to an extent that certain 
designs may be unsuitable for installation in dirty locations. 
Provision of surge diverters also implies an added maintenance 
liability. Where marginal advantages favour the choice of 
surge-diverter protection, these factors may have a significant 
bearing on the final selection. 


(5.2) Economic Consideration 


The main advantage to be gained from the adoption of lower 
transformer insulation levels is the possible saving in capital 
expenditure and operating costs owing to reduced losses. 

Possible price variation for transformer insulation levels 
estimated from the general structure of current British trans- 
former prices is shown in Fig. 4. The percentage reduction in 
price for lower insulation levels will tend to decrease with 
increase in apparent-power rating, and the variation illustrated 
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PRICE FACTOR 


' 
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Fig. 4.—Variation of price with insulation level. 


British prices. 
——-—-— American prices, 30 MVA (Reference 23). 
— -— American prices, 100 MVA (Reference 23), 


is therefore only approximate. This latter point is demon- 
strated by the broken curves in Fig. 4, which are taken from 
transformer prices published in the United States.23 Due 
allowance should be made in comparison between the curves for 
the different factors which influence the price, e.g. regulating 
equipment, type of cooling, loss ratio and impedance. 
Estimated savings for reduced insulation levels as a percentage 
of the transformer price for different ratings and voltage levels 
based on British conditions, including provision of surge diverters 
in place of rod-gaps, are illustrated in Fig. 5, from which it can 
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Fig. 5.—Saving as a percentage of transformer price for reduced 
insulation levels associated with provision of surge diverters. 


(a) 132kV double wound, 
(b) 275kV double wound. 
(c) 275/132kV auto-connected. 


be seen that, although savings applicable to the 132kV system 
are marginal, those in respect of the 275kV system could be 
significant. No allowance has been made in Fig. 5 for reduced 
transformer loss, any possible saving being offset against the 
added maintenance and fault liability associated with the surge 
diverter. 

A further advantage which could result from lower insulation 
levels is a possible reduction in the transport weight of the trans- 
former; this is an important consideration with large high- 
voltage units. 

Whilst the foregoing illustrates economies resulting from 
adoption of lower levels, it should be emphasized that these can 
be achieved only when system conditions permit the use of 
suitable surge diverters. Furthermore, it is suggested that 
extensive experience with surge-diverter protection, allied to 
the particular service conditions, is desirable before the adoption 
of lower insulation levels is contemplated. 
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of transformers associated with the 132 and 275kV Grid systems: 


local circumstances merit other considerations. ; 


for the specified transformer insulation levels, are illustrated in 
Fig. 6. 


(5.3) Service Experience under British Conditions : 
The following principles are adopted for the surge protection 


(a) For substations connected directly to steel-tower lines 
fitted with earth wires, where the installed capacity is usually 
such that disconnection of one transformer does not prejudice 
continuity of supply, co-ordinating rod-gaps are provided with 
a setting of 26in for the 132kV Grid system and 48 in for the 
275kV Grid system.* : , i 

(b) For transformers connected to wood-pole lines without 
earth wires, surge diverters are provided. | 

(c) For transformers directly connected to the terminals of | 
a generator, surge diverters are provided to avoid loss of output | 
and the effect of abrupt loss of load on the steam plant. 

(d) No surge protection is provided for the lower-voltage | 
windings of transmission transformers below 132kV or for) 


the lower-voltage windings of generator step-up transformers. . 


Variations to the above principles apply in a few cases where _ 


Protective levels provided by rod-gap settings of 26 and 48 in, 
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Fig. 6.—Protective levels, 26 and 48in rod-gaps, relative to 550 
and 1050kV(peak) transformer insulation levels. 


(a) 26in rod-gap, negative wave. 
(b) 48in rod-gap, negative wave. 
(c) 550kV (peak) insulation level. 
(d) 1050kV (peak) insulation level. 


The extra insulation strength due to the chopped-wave test is shown as 10% margin. 


Transformer fault statistics for the period 1934-47, relating to | 


the 132 kV system, indicate an average rate of winding failure of 


one transformer per year, which, expressed in terms of faults per 
100 transformers per annum, amounted?? to 0-28. Similar 
statistics, subdivided into faults resulting from lightning and 
switching operations, for the period April, 1948, to March, 1958, 
are given in Table 5. 

With reference to lightning faults, apart from two incidents, 
all the transformers involved were manufactured prior to 1939, 
and their insulation strength can be considered inferior when 
compared with modern designs. Of the two incidents with later 
designs, one involved a transformer connected to a ‘teed-feeder’, 
where available evidence indicated a direct lightning stroke on 
the substation resulting in damage to the windings of two phases 
and fiashover of the associated rod-gaps. The circumstances of 
the second incident concerned tripping of the transformer as the 
result of a stroke some distance from the substation. Thorough 
internal examination and tests revealed no evidence of damage, 
and the transformer was returned to service, followed, after an 


* The setting for the 275 kV Grid system is provisional pending further service 
experience and the gaps provided are adjustable between 46 and 52 in. 


Table 5 


TRANSFORMER FAULT STATISTICS 


Type of fault 


Lightning Switching 


Number of transformers involved 


1948-49 
. 1949-50 
r 1950-51 
1951-52 
1952-53 


1954-55 
1955-56 
1956-57 
1957-58 


3 
1 
2 
1 


2 
5 
1953-54 et 
1 
1 
3 


TOTALS 13 7) 


interval of ten days, by a severe fault in the region of the tap- 
changing equipment. Any conclusive evidence as to the origin 
of the fault was destroyed, but damage to a bushing in the tap- 
changer resulting from the lightning incident was suspected. 
With regard to other lightning incidents, faults recorded for the 
period 1957-58 include failure of two transformers over 25 years 
old, recently installed at the same substation without any form 
of surge protection, and one fault during 1950-51 involving a 
transformer connected to a ‘teed-feeder’, providing a temporary 
supply, where the available evidence again indicated a direct 
lightning stroke. In the latter case damage was confined to an 
internal flashover from the line termination to the tank wall. 

Considering faults due to switching operations, four incidents 
involved internal flashovers between inter-phase lower-voltage 
(delta) connections, during switching from the high-voltage side 
of unloaded transformers. Three of the transformers involved 
were of similar design. These incidents emphasize the need for 
adequate clearances between inter-phase delta connections. Of 
the three remaining incidents, two involved identical transformers 
installed at the same substation, where flashover in the tap- 
changing equipment occurred coincident with switching on the 
132kV system from a remote point, one during 1950-51 and the 
second during 1955-56. The remaining incident involved a 
transformer manufactured in 1930 and resulted in an inter-turn 
h.v. winding fault. 

Expressed as faults per 100 transformers per annum, the 
incidents recorded in Table 5 amount to an average of 0-25 in 
respect of lightning and 0-13 in respect of switching operations. 
A corresponding figure covering all winding faults, i.e. including 
incidents unassociated with lightning or switching, but excluding 
faults due to lightning or switching which did not result in a 
winding fault, amount to 0:34. This latter figure is comparable 
with the value of 0:28 referred to in Reference 29. As some 
250 transformers installed on the 132kV system are now over 
20 years old, it is to be expected that the rate of fault incidence 
will tend to increase. 

A more quantitative assessment of the overall performance 
can be made from consideration of the non-availability factor, 


which is defined as 


Number of hours lost through transformer outages <x 100 y 
Total number of transformers installed x hours per annum “° 


For a representative period (1949-55) the average non-availability 
factor estimated on the basis of all transformer faults (a fault 
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being defined as any incident in the zone covered by the trans- 
former protection which involves disconnection of the trans- 
former), whether due to the transformer, associated connections 
or maloperation, amounted to 0-471 %. 

Assuming all faults associated with lightning and switching, 
including rod-gap operations, could be prevented by the installa- 
tion of surge diverters, it is estimated that this factor would be 
reduced to 0:37%. This improvement, when considered with 
the possible rate of fault incidence associated with surge 
diverters*>» 2° and the fact that, in general, no interruption of 
supply is involved, does not justify any change in the method 
of surge protection. Furthermore, it is estimated that the cost 
of providing surge diverters for all transformers installed on the 
132kV transmission system would amount to more than three 
times the cost involved in repair of transformer damage. 

The relatively low fault rate experienced with lightning and 
switching, however, cannot be taken as a direct criterion of the 
efficiency of rod-gap protection, and due account must be taken 
of the system circumstances and performance as a whole. A 
measure of the overall performance is demonstrated by the figures 
given in Table 6, which show that, compared with an approximate 


Table 6 


COMPARISON BETWEEN THE NUMBER OF CIRCUIT INTERRUPTIONS 
Due To LIGHTNING AND TRANSFORMER ROD-GAP OPERATIONS 


Transformer 
rod-gap 
operations 


Number of 
circuit 
interruptions 


Ratio of 
col. 2 to col. 3 


1948-49 


1956-57 


Average 


- WANWCONWW~) 


annual average of 60 circuit interruptions, rod-gap operations 
amount to an annual average of 4. 

These statistics exclude both generator transformers and 
transformers associated with the 275kV system. The fault 
incidence in the categories considered, i.e. lightning and switch- 
ing, is zero. 

In isolated cases, during examination of old transformers, 
evidence of inter-turn insulation damage in the form of pin holes 
has been found, presumably resulting from lightning incidents 
where puncture has occurred without the development of a 


power fault. 


(6) TRANSFORMER INSULATION TESTS 


(6.1) Present Test Procedure 


As stated in Section 3.1, the present specified procedure covers 
two types of voltage test, namely impulse and power frequency. 


(6.1.1) Impulse Voltage Tests. 

Two forms of voltage application are involved, namely full 
wave (Section 3.3.1) and chopped waves (Section 3.3.2). The 
sequence of voltage applications comprises (a) one full wave at 
the specified levei, followed by (b) two chopped waves at approxi- 
mately 15°% above the specified level, followed by (c) two full 
waves at the specified level. 
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Oscillograph records of all applied voltage waves are required 
together with, for the full-wave voltage applications, some form 
of supplementary record covering the current flowing directly to 
earth (neutral-current method), the current flowing to earth via 
the tank (line-current method), or the voltage transferred to 
another winding.3°-33 Similar records are taken at a reduced 
voltage to provide a reference for fault detection. 

A criticism of the chopped-wave test has been the lack of 
evidence that failure has not occurred.34+ The only available 
record is the voltage wave up to the time of chop, which excludes 
the period of high internal stress developed as the result of the 
chop. Reliance in the past has therefore been placed on any 
damage being revealed by the subsequent full-wave applications, 
which, owing to the different form of stress involved, is not 
entirely satisfactory. 

However, recent improvements have resulted in test techniques 
whereby the time to chop is controlled,*> thus permitting supple- 
mentary records precise in form. As these techniques include 
forms of triggered gaps, the need for an increased voltage 
disappears, and adoption of a revised test procedure on this 
basis could imply an insulation strength lower than that required 
by the present procedure (Section 3.3.2). Whilst these improved 
techniques with enhanced fault detection are welcome, the conse- 
quences of reduction in the applied voltage need to be considered 
in relation to experience with existing levels and the effect on the 
transformer price (Fig. 4). 

Although not mandatory, certain test departments record 
supplementary waves during chopped-wave applications when 
normal rod-gaps are employed. These records, whilst not 
identical unless the chopping times are extremely close, bear a 
similar resemblance, and with experienced interpretation can be 
a useful aid to fault detection. 

A difficulty often experienced during the testing of large trans- 
formers is maintenance of the waveshape within the tolerance 
permitted by B.S. 923,3° owing either to the low-inductance or 
high-capacitance load of the windings. In such cases it is usual 
for other conditions to be agreed between the manufacturer and 
purchaser, but it should be noted that increased tolerances tend 
to less onerous test conditions?” (Section 3.4). In this respect 
the waveshape used in American practice, 1-5/40 microsec, is 
less onerous that that required by B.S. 923. 


(6.1.2) Power-Frequency Voltage Tests. 


Two forms of application are again involved, namely separate 
source and induced voltage. Owing to the form of the test and 
in comparison with impulse-testing techniques, the possibility of 
fault detection leaves much to be desired. This is only evident 
by collapse of the supply voltage or aural indication from the 
transformer, unless a gas relay (Buchholz) is fitted, which is a 
procedure strongly to be recommended. B.S. 17128 permits the 
time of application to be reduced for test frequencies greater 
than 100c/s, subject to an equivalent duration of 6000 cycles 
and a minimum time of 15sec. Whilst this reduction may be 
logical from consideration of the insulation characteristics,2?? in 
view of the limitations with respect to fault detection the full 
duration of one minute is preferred. 


(6.2) Experience with Acceptance Tests 


Although basically intended as a proof of design, the impulse 
test provides a searching check on materials, processing and 
workmanship. For this reason a policy of testing one trans- 
former in every ten manufactured was adopted by the British 
Electricity Authority and has since been continued. The results 
of this programme are summarized in Table 7. 

In no case could failure be attributed to fundamental design 
weakness, and, in many instances, earlier tests witnessed on 
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Table 7 


RESULTS OF IMPULSE TEST PROGRAMME 


275kV 


Number i 


Total 


Code tested 


(1) ase i M 
(1) W—(1) M 


— _ 
NWAONNAWWW 


Totals 


aN 
co 
co 


P. Failure due to inadequate processing. 
M. Failure due to flaws in material. 
W. Failure due to workmanship. 


prototype windings had shown adequate margins over the 
specified level. The one failure in respect of workmanship © 
involved misplaced winding packing. General improvement 
resulting from attention to weakness in materials and processing — 
revealed by the test is worthy of note. {| 

The small degree of damage found in many instances during — 
the investigation of failures demonstrates the general reliability | 
and sensitivity of the fault-detection techniques. For ease oft 
interpretation it is considered essential that separate oscillograms 
be provided for each impulse application, covering both voltage 
and supplementary records. 

With reference to power-frequency tests, failures experienced 
during the corresponding period have been negligible. Three | 
winding faults, however, have occurred shortly after commission- 
ing, for which no satisfactory explanation has been established. | 
Two involved 132kV windings and one a 33 kV winding; in each — 
case the evidence suggested commencement as an inter-turn | 
fault. These faults, together with an additional incident result- — 
ing from ingress of moisture during erection, amount to approxi- 
mately 1% of the total number of units installed during the 
period. 


(6.3) Future Revision of Test Procedure 


Three forms of over-voltage can arise under service conditions, 
namely atmospheric, those due to switching operations and | 
over-voltages resulting from system faults.2 Impulse tests | 
associated with a suitable protective level correspond to the first — 
of these. Power-frequency tests, however, bear no equivalent 
relationship. Present values result in margins of 100 and 
92% with respect to system faults levels, 60 and 65°% applying — 
in the case of levels reduced by one step (see Fig. 2). A more | 
logical approach would therefore be replacement of the present 
power-frequency test by two tests, complementary to the 
impulse test, one corresponding to switching over-voltages and 
the other to system fault levels. As the impulse test is at present _ 
a type test, power-frequency tests provide, in the majority of 
cases, the only qualitative check on the transformer insulation. 
Any revision of test procedure must take account of this fact to 
the extent of introducing impulse tests on a routine basis. 

With regard to power-frequency tests, the reduction of present 
values to one which provides a reasonable margin over the system 
fault level would permit a longer duration of application, which, 
in turn, could prove advantageous as a qualitative check on 
production, without involving the same degree of risk of unde- 
tected damage. In conjunction with a suitable test simulating 


Witching conditions, the reduced power-frequency test would 
leave the designer free to develop an insulation structure directly 
related to system requirements without possible anomalies 
ictated by arbitrary values. 

When future consideration is being given to the revision of 
transformer insulation tests, therefore, the following procedure 
may merit examination: 


(a) Impulse tests on a routine basis. 
(6) A suitable test corresponding to switching over-voltage con- 
ditions, if necessary, as a type test. 
(c) A reduced power-frequency test, showing a reasonable margin 
over the system fault level for a longer duration, as a routine test, 


- The adoption of the above procedure would depend on 
‘acceptance of (a), in which case improvements in techniques to 
reduce the time required for the test and the cost would be 
essential. Furthermore, unless a suitable form were devised for 
(6), it would be imprudent to lower present power-frequency 
values, although a minimum duration of one minute, irrespective 
of the test frequency, deserves consideration. 


(7) CONCLUSIONS 


The adoption of transformer insulation levels below those at 
present specified (Table 1), provided that reliable surge diverters 
with suitable characteristics are available and system conditions 
permit their use, should result in some capital saving. On the 
basis of British conditions and prices, it is estimated that, whilst 
any saving with system voltages approximating to 132kV would 
be marginal, savings for higher-voltage systems could be signifi- 
cant. Before adoption of lower transformer insulation levels is 
contemplated, however, it is suggested that extensive service 
experience with the use of surge diverters is desirable. 

Examination of service records and fault statistics applying to 
the 132 and 275kV Grid systems (B.E.A., C.E.A. and C.E.G.B.) 
indicates that no advantage would be gained from a change in 
policy with regard to the methods of surge protection employed. 
The relatively low fault rate, however, cannot be taken as a 
criterion of the efficiency of protective devices directly associated 
with the transformer, e.g. co-ordinating rod-gaps, and due 
account must be taken of system circumstances as a whole. 

Present procedure for the chopped-wave impulse test results 
in a transformer insulation strength at least 10% greater than 
that required by the full-wave level. The introduction of any 
improved chopped-wave testing technique which could involve 
limitation of the voltage applied to that of the specified full- 
wave level, thus reducing this margin, needs to be considered 
with respect to service experience and the effect on the trans- 
former price. Any such reduction could also influence the 
adoption of lower transformer insulation levels. For example, 
considering the change from 550 to 450k V(peak) (82 %), elimina- 
tion of the margin due to a change in test procedure would 
result in an effective reduction in insulation strength to 75%. 

Consideration of voltages arising under service conditions 
relative to present transformer insulation tests would suggest that 
a more logical pattern could be obtained by the reduction of the 
present power-frequency voltages, subject to the introduction of 
impulse voltage tests on a routine basis and an additional test 
covering switching over-voltages. 
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DISCUSSION BEFORE THE SUPPLY SECTION, 25TH MARCH, 1959 


Mr. E. C. Rippon: Practical operating experience with the 
British Grid system strongly suggests that the incidence of surges 
of atmospheric origin is small and that, when surges do occur, 
they do not approach the severity of the standard impulse wave 
of 1/5Omicrosec. The low transformer fault rate recorded 
during the last ten years confirms this, and, by inference, also 
confirms the general policy to use rod-gaps as the sole surge 
protection on the 132 and 275kV transformers. However, if 
lower insulation levels are contemplated, it would be imprudent 
to install such transformers without surge diverters. 

The economic advantages of transformer protection with 
surge diverters is discussed in the paper, and, even at 275kV, it 
is problematical whether any very definite saving can be achieved. 
A more important contribution which might arise from the use 
of surge diverters, is the possibility of designing larger outputs 
of 3-phase transformers, capable of transport. Any such 
application will show a very large capital saving, i.e. the differ- 
ence in cost of equivalent transformer capacity, in two 3-phase 
or separate single-phase units, and the cost of a 3-phase trans- 
former with surge diverters. 

It is interesting to speculate whether any further advantage 
could be gained by the use of surge diverters. For instance, is 
it permissible to impulse-test the transformer with full-wave 
voltage shots only? In other words, can the surge diverters be 
installed so as to avoid the possibility of flashover to earth in the 
station apparatus between the diverters and the transformer? If 
this condition is fulfilled, chopped-wave impulse testing can be 
omitted, with a further saving in the weight of the transformer. 

I should now like to make some observations on impulse 
testing. The possibility of detecting winding failures during 
chopped-wave tests by neutral-current records was first disclosed 
by Mr. G. H. Hickling in 1952, and, since then, a number of 
laboratories have been using the comparison technique for the 
assessment of chopped-wave tests. The triggered gap is a 
refinement, but not a necessity. 

The sensitivity of fault-detection methods has improved during 
the last few years and minor disturbances of all kinds are now 
faithfully recorded on the current oscillographs. I should 
like the author’s comments on this very real problem which 
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is confronting transformer test engineers, together with some 
indication of the acceptance criterion he would adopt. { 

The main difficulty experienced with modern impulse genera- 
tors is the shortening of the tail of the test wave arising from — 
low-inductance windings—usually the l.v. windings of e.h.v. 
generator transformers. Equivalent circuits representing the 
surge loading of turbo-alternators can be assessed quite accu- 
rately. JI am convinced that sufficient information is now avail- 
able to devise a standard test for generator transformers, whereby 
only the high-voltage winding is impulse-tested and the low- 
voltage winding, suitably loaded, is stressed by the transferred 
impulse voltage. 

The author’s proposals for the future revision of test pro- 
cedure merit examination, but it would have been better if he — 
had expanded his ideas and given detailed reasons for his 
proposals. 

I agree that impulse tests are quite searching, and for this 
reason there has always been the inclination at least to pay lip 
service to the idea that eventually the impulse test should be a 
routine one. However, I am extremely doubtful whether it 
can be simplified and streamlined in such a way as to allow its 
application as a routine test tool in modern transformer fac- 
tories. The most reasonable solution is to use the impulse test 
as an approval test for new designs and thereafter as a sampling 
test on the lines already established by the Central Electricity 
Generating Board and described in Section 6.2. 

Mr. E. T. Norris: In the orthodox principle of application of 
protective rod-gaps (as explained in Section 5.1) the gap length 
is reduced until interruptions due to switching surges and other 
causes are excessive. For example, the gap length for the 
132kV Grid system has, for many years, been set at 26in, pre- 
sumably from such operating experience. This orthodox 
principle is simple and logical, but is completely upset by 
Table 6, which shows that, in fact, four rod-gap operations due 
to surges have been swamped by 57 due to surges or other causes. 
Therefore, if the 26in were reduced so that rod-gap inter- 
ruptions were doubled, the total number would be increased 
less than 10% nominally, and, in fact, probably not at all, since 
the extra rod-gap operations would replace some of the 57 


Others. Further, the figures in col. 3 of Table 6 are interruptions 
rather than operations, and thus cannot do justice to the rod- 
gap as a Protective device, since it cannot be credited with 
the times it operates perfectly, i.e. when it discharges the surge 
without causing an interruption to the supply. 

The over-voltage test was originally devised as an attempt 

(albeit a poor one) to simulate internal stress due to surges. 
The development of standard surge tests has given rise to a 
natural suggestion, discussed in Sections 3.2 and 6.3, that the 
over-voltage test can be reduced or eliminated, since the power- 
frequency voltage distribution is uniform. 
__ Modern improvements in surge strength; whether by electro- 
static shielding, interleaving, multi-layer or multi-concentric 
construction, have greatly increased the surge strength, but 
largely at the expense of the 50c/s stress, so that much of the 
margin hitherto existing between surge and 50c/s stress has been 
absorbed. 

Thus, whilst the voltage per turn is constant throughout the 
winding, the voltage between physically adjacent turns is far 
from uniform, and differs from it by 10 or 20 times in a modern 
transformer. 

The over-voltage test thus assumes a new importance, which 
must be considered carefully before making any changes. 

Mr. R. R. Pattinson: The system planner’s job is no sinecure. 
Should he choose the wrong insulation level, he could either 
spend money unnecessarily or run his undertaking into serious 
embarrassment owing to excessive outages. 

In Europe and the United Kingdom, large numbers of trans- 
formers have been operating quite satisfactorily for many years 
without having been impulse-tested, and the need for impulse 
testing is not as clear cut as in countries with high isoceraunic 
levels, such as Brazil, South Africa, India and Australia. A fair 
case can be made for impulse testing of a routine nature rather 
than type, but I doubt whether existing works test areas could 
handle the throughput. 

I urge that consideration be given to developing a transferred 
surge test. There are many applications of 3-winding trans- 
formers where one of the windings may run unloaded, e.g. two 
generators connected to a step-up transformer, having separate 
low-voltage windings and a common high-voltage winding, and 
switched so that one of the generators can be disconnected 
leaving the other on load. In such cases, serious internal over- 
voltages can be generated by surges transferred from the h.v. 
winding, and works tests have shown how significant these are. 

As system voltages rise, switching over-voltages tend to 
become as significant as those produced by lightning. I there- 
fore support the author’s view on works tests to simulate them. 
Much information exists about switching over-voltages, but little 
on their effect on insulation: Early agreement on the test wave- 
shape is essential and on the means to produce it. Perhaps a 
generator similar to that developed by Dr. Wilkinson* might 
meet the requirements. 

A problem to be faced is how to test a large transformer which 
has had to be constructed on site. To subject it to the usual 
power-frequency and impulse tests seems impracticable eco- 
nomically, and consideration might be given to non-destructive 
tests in the form of a corona or discharge test, provided that 
works tests to prove the design have been carried out. 

Mr. D. H. Ryder: Section 6.3 indicates the way towards 
revision of the specified insulation tests for transformers. 

For procedure (6) of Section 6.3 we need to consider the 
apparatus for producing surges and also the means of detection 
of breakdown. No thermal breakdown is involved in switching 
surge tests, single surge voltage waves are preferred, and detec- 
tion of failure is of the greatest importance. From these 
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considerations it may eventually be accepted that routine impulse 
tests adequately prove transformers in respect of switching 
surges. 

Procedure (a) is quite feasible, and, in fact, many oversea 
customers have requested such tests on all their transformers. 
But, in considering routine impulse tests we should first compare 
Tables 5 and 7. Table 5 indicates a failure rate of 0-25 per 100 
transformers per year. The transformers which failed were not 
of modern design. Table 7 shows 13-5 winding faults per 100 
transformers subjected to impulse tests. The indication is that 
the impulse test, as at present specified, is much more onerous 
than service conditions. It is probable that, in service, we are 
not encountering the short time lags illustrated in Fig. 6 of the 
paper. Taking this evidence into account, I submit that routine 
impulse tests on transformers should be made with full waves 
only and that chopped waves be used only on type tests. This 
simplified procedure would apply only for transformers operated 
in this country, where the lightning statistics are well known. 
Detection of failure on such routine test would offer no problems. 

The author infers that the use of chopped waves of 115% of 
the basic insulation level during type tests effectively raises the 
tested impulse level of the transformer by 10%. This is not 
correct, since chopped waves are primarily intended to prove the 
winding capable of withstanding rapid changes of impulse 
voltage. They give rise to none of the voltage oscillations in the 
body of the winding, such as are obtained on full waves, if the 
initial distribution is distorted from linearity. 

Mr. A. J. Gibbons: I will confine my remarks to the author’s 
proposals for reassessment of the normal high-voltage tests 
applied to transformers. 

The designer disposes his insulation in relation to the impulse 
test for which the transformer is designed. It therefore seems 
appropriate that the impulse test should be a routine one. When 
the C.E.G.B. changed from a type test to a sampling test, a 
number of cases of failure owing to defective material and work- 
manship were found. I have been seriously concerned as to the 
distinct probability of similar defects existing in those trans- 
formers that were not taken into the sampling scheme. 

There have been a few cases of failure in service on relatively 
new transformers, although in most cases the damage was such 
as to destroy all evidence of the cause. 

All manufacturers nowadays have their own impulse generator, 
and there should be no problem in carrying out a routine test, 
although I entirely agree with the author that, if this is done, 
reassessment of the costs involved is very long overdue. 

Fault detection on impulse test is fairly satisfactory, but it has 
become very clear that, if there is the slightest discrepancy on a 
trace, the reason must be found. 

Similarly, the number of failures which have occurred has 
reinforced the view that, in order to make satisfactory high- 
voltage transformers, a very high standard of cleanliness and 
tidiness in the shops is essential. Dirt, dust and general factory 
detritus scattered around on a high-voltage winding under con- 
struction is just asking for failure at a later date. 

The power-frequency test, which is highly traditional and 
unscientific, is, in its present form and with its present assigned 
values, virtually finished. I should not like to dispense with it 
altogether, but we should examine it carefully and decide what 
value and duration is required as a supplement to the impulse 
test. 

I am not so sure about the author’s proposed switching over- 
voltage test. In the impulse test we are dealing with micro- 
seconds and megacycles per second, while in the power-frequency 
test, we are dealing with seconds and cycles per second. Some- 
where between we have the kilocycle-per-second switching over- 
voltage. If the impulse test and the power-frequency test values 
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are chosen appropriately, switching over-voltages should be 
automatically correct. 

In one or two cases switching over-voltages have been trans- 
ferred from the high-voltage to the low-voltage winding and have 
caused breakdown owing to the lower-voltage main leads being 
placed closer together than necessary. I do not therefore think 
that the case for the switching over-voltage test has been made, 
while the author gives no indication of how it is going to be 
carried out. I am sure he would not wish manufacturers to 
install expensive equipment until the need is entirely agreed by 
all interests concerned. 

Mr. H. W. Hardern: I should like to endorse the author’s 
remarks about testing a tap-changer together with the trans- 
former. One relevant point is that many tap-changers are now 
provided with non-linear resistors shunted across the tappings, 
and only when the tap-changer and transformer are combined 
can true results be obtained. After all, the user is interested in 
the combination of the two, and so testing both together is quite 
logical. 

A switching-surge test certainly merits examination, but the 
trouble is, of course, the equipment required and to decide which 
of the great diversity of waves that may be encountered is to be 
used for the test. Quite a body of opinion states that, if a 
transformer withstands the present prescribed power-frequency 
and impulse test, it will be adequate for most or all switching 
surges, except perhaps those produced by a very badly designed 
switch. There may be a case for studying switch design just as 
much as for a test on the transformers. 

I am intrigued by the suggestion for a change in the power- 
frequency test. A reduction in voltage, coupled with a longer 
duration, may very largely cancel out. I wonder what the 
author has in mind in suggesting a 1 min test. It certainly gives 
a better chance for incipient faults to show up. 

In all questions of increasing the amount of testing we must 
remember that we are trying to prove that a transformer is going 
to be suitable for 20 years’ service, and not just the-maintenance 
period. We must be quite sure that what we do in the way of 
increased testing will be correct. 

Mr. J. L. Egginton: Section 5.1 gives the conditions in which 
rod-gaps are acceptable. 

First, the system must withstand the loss of a circuit following 
a gap flashover. It is stated in the paper than an annual average 
of four rod-gap flashovers occurred in a period of ten years. As 
there are approximately 500 132kV transformers with rod-gaps 
on the system, the interruptions are 0-8 per 100 transformers 
per year. Rod-gap flashover causes negligible damage and the 
transformer can be switched in immediately. 

If surge diverters were fitted, we might expect a rate of 0-6 
failures per 100 diverters. These might leave the fault on the 
circuit and would require an outage while the diverter was 
replaced, which costs money. 

The protection given by rod-gaps has resulted in 20 trans- 
formers breaking down in ten years, during which 55 major 
breakdowns occurred on tap-changers. Winding failures at 
present do not need the first attention. 

The only justification for surge diverters is to reduce the cost 
of transformers, as shown in Fig. 5. 

I agree that, with 132kV transformers and 275kV auto- 
transformers, the slight extra cost justifies the greater reliability 
obtained by omitting surge diverters. We should not be 

justified in reducing the impulse strength of 275kV double- 
wound transformers without previous experience with surge 
diverters, and the initial costs of such installations would be 
high. Even if successful, the decision whether to accept the 
lower standard of security would remain. 

Section 5.3 describes the conditions under which surge 
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diverters are installed on the Grid system. This does not take: 
into account the theory that the impact of the surge is divided | 
by the number of parallel lines connected. Can the author state 
whether this theory is substantiated in practice? | 

Is the reason for installing surge diverters on wood-pole lines 
that such lines are nearly always transformer feeders and there 
is no reduction due to parallel circuits, or is it due to the higher 
impulse strength of such lines? The slope of the wavefront is 
steeper, and although the rod-gap will limit the maximum, the 
rapid rise may cause conditions where curve (c) drops below 
curve (a) in Fig. 6. | 

To install a surge diverter on a generator transformer will 
probably increase the total outage time. At a generating station 
there are normally at least four circuits connected. Therefore. 
the reduction of the surge at the terminals of the transformer | 
could be significant. 

Dr. J. R. Mortlock: Essentially the basic insulation level is 
obtained by accepting surge-diverter characteristics and multi- 
plying them by 1-25 to obtain a sufficient apparatus life. The 
cost of the diverters is usually negligible compared with that of 
the transformers and switchgear, and yet they dictate the major 
cost. However, some consideration must also be given to 
switching surges. 

From Table 3 the switching over-voltage factors for 132 and 
275kV are approximately 4 and 3-75. Multiplying by 0-8, in 
order to obtain sufficient apparatus life, acceptable factors would — 
be 3:2 and 3, respectively. With modern switchgear designs a 
factor of 2-5 is usual; with future designs the factor may pos- 
sibly be 2-3. { 

Accepting 2-5 and multiplying by 1-25 for life and 1-25, as 
given by the author, for correlation with the full-wave impulse — 
test level, on a switching-surge basis, basic insulation levels of | 
422 and 880kV would be acceptable for 132 and 275kV, respec- | 
tively, compared with the present 550 and 1050kV. The 
corresponding diverter maximum voltages would have to be 
338 kV (422 x 0-8) for 132kV and 702kV for 275kV. Thisisa 
challenge to the designers of diverters, since, even if they cost 
twice as much as the extant models, the overall saving would be — 
appreciable. | 

Admittedly, lightning would remain a problem at the lower 
voltages, but, for 600-700 kV systems, the criterion is switching 
surges and it is essential that basic insulation levels should not be 
dictated by the limitations of surge diverters. 

Mr. E. Tobin: When protection is by rod-gap only, the mini- 
mum insulation level for transformers is dependent on the lowest 
gap setting that can be tolerated. ) 

The author states that he is using 26in for 132kV and 48in | 
for 275kV systems. The sparkover values of these gaps are 
approximately 500 and 860kV, respectively, giving protection 
at 90% of the impulse level of 132kV transformers and 82% 
of the impulse level of 275kV transformers. 

Service experience on 132 kV indicates that satisfactory opera- 
tion is obtained, and therefore a 90% protective level may also 
be satisfactory for the 275kV system. If a protective gap setting | 
of 45in can be tolerated, the insulation level of the 275kV 
transformers could be reduced one step from 1050 to 900kV. 

Reducing the insulation by one step would mean a reduced 
impulse test and power-frequency voltage test to earth, but I 
recommend that the test between phases might be based on the 
132kV system experience. The power-frequency test between 
phases of 132kV transformers has been about 1-6 times the 
system highest voltage, and this test appears to be adequate to 
ensure freedom from trouble owing to switching over-voltages. 

For 275kV transformers the power-frequency test between 
phases might therefore be about 480kV, even though the power- 
frequency test from line to earth is reduced to 390kV. 
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; Mr. E. L. White: One accepted method of making the power- 
frequency test on a 3-phase transformer having partially-graded 
insulation is to induce two-thirds of the test voltage between line 
and neutral and one-third between neutral and earth. If the 
voltage per turn attained in this test is induced under service 
conditions, the line-earth voltage is only two-thirds of the test 
voltage, since the neutral is then solidly earthed. It follows 
that, in respect of the inter-turn insulation, the switching-surge 
strength deduced in col. 4 of Table 3 is overestimated by 50% 
if this test method is used. 

In the impulse test the inter-phase voltage can be limited to the 
peak voltage of the applied wave, whereas, when a switching 
surge occurs, the inter-phase voltage is likely to be about 150% 
of the line-earth voltage. Thus, in’relation to the inter-phase 
insulation, the figures in col. 3 of Table 3 are overestimated by 
about 50%. For similar reasons the switching-surge strength 
of the inter-phase insulation deduced from the power-frequency 
stresses under test conditions falls considerably short of the 
estimate in col. 4. 

I hope that these remarks will not be construed as implying 
inadequate insulation strength in any transformer tested accord- 
ing to recognized methods, but that they will draw attention to 
the anomalies which result from having alternative test methods, 
as well as to the shortcomings of Table 3. 

For future procedure I should like to see established a switch- 
ing-surge test in which the voltage distribution between the 
various parts of the insulation corresponds to that likely to 
occur in switching surges under service conditions. Coupled 
with satisfactory fault-detection techniques, this could be a 
routine test, eliminating the need for a power-frequency over- 
voltage test and leaving the impulse test as a type test. 

Mr. F. W. Gee: In the Introduction the author has been forced 
to adopt a definition in which he states that the insulation level 
of a transformer can be defined in terms of the voltage tests for 
which it is designed. It is all that is available, but a true level 
would be 99% of the actual breakdown strength of the trans- 
former. This is a figure on which he would have great difficulty 
even in collecting opinions, let alone facts. It is an insurmount- 
able difficulty, because the only way to get them is to carry out a 
routine test to destruction, which does not lead to great output. 
It is the comparisons on this artificial basis which account for 
the commendable caution in drawing conclusions. 

The difficulties are enhanced if we consider Table 5 giving 
type-test experience and Table 7 giving operating experience. 
One way of linking the two would be to make comparisons of the 
two figures, but operating experience on the ones for which he 
has quoted type-test experience can be expected in about 15 
years’ time. If we want to make any changes, we want to 
make them before that, and so there would have to be some 
guesswork. 

When we consider operating experience, the number of break- 
downs is so small that it is unsafe to draw any detailed con- 
clusions. The only definite conclusions are that the trans- 
formers are strong compared with their operating conditions. 

Mr. Pattinson’s point about 3-winding transformers and the 
voltages which can arise in service raises another point which 
will remain true however carefully a specification is compiled. 
It is nearly always possible, and would sometimes be easy, to 
design a transformer that would pass the test but fail in service. 
However, a manufacturer who tried to shelter behind a specifica- 
tion in that manner would not survive very long, and it is the 
desire of the manufacturer to find any weak spot in the trans- 
former before it goes into service. This is the user’s biggest 
safeguard, when combined with a reasonable specification. 

The author states that ‘Some 250 transformers are now 20 
years old and fault incidence is likely to increase.’ However, 
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there is another factor. By adding new transformers the 
average age on the system is kept down. 

Mr. M. P. Reece: I should like to put forward a method which 
might be used for surge tests on transformers. 

Small sealed-off vacuum switches with tungsten contacts are 
now available, and when these are arranged to have a high 
contact-separation velocity, they act as very effective current 
choppers. 
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Fig. A.—Switching-surge test circuit for transformer. 


We have made some tests in which the circuit of Fig. A was 
used to induce 30kV in the 11kV winding of a 11/6-6kV 
3-7 MVA transformer, by chopping a current of 10 amp d.c. with 
a small vacuum switch, some 6in long and 2in diameter. The 
direct current was established by three 2-volt lead-acid cells in 
series. The spark-gap was arranged to flash over at 30kV, to 
simulate the effect of a restrike. Two representative oscillo- 
grams are shown in Fig. B. The very large damping of the 
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Fig. B.—Switching-surge test on 11 kV transformer: current chopped 
at 10 amp. 


(i) No restrike. _ 
(ii) Simulated restrike. 


circuit is due to high iron losses in the very old transformer 
used. : 

The switch is rated at 60kV, so that a series connection of a 
reasonable number of switches should be capable of inducing 
full-scale test voltages. The waveform produced in this way 
has the two fundamental attributes of a switching surge, namely 
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a high voltage applied for a relatively long time followed by a 
sudden step. 

If it were necessary for the voltage to reverse during the step, 
the side of the spark-gap shown earthed in the Figure could be 
connected to the line terminal of a capacitor initially charged to 
a suitable voltage of opposite polarity. 

No experiments have been made to investigate fault detection, 
but it seems likely that the techniques used in impulse testing 
could be applied. 

Mr. D. M. Cherry: The paper discusses the possibility of 
reducing transformer insulation levels, but the economic advan- 
tages of doing so are not reliably known, judging from the differ- 
ences in the cost curves which the author has given. A valuable 
complement to the paper would be another by a transformer 
designer, discussing the effect on transformer construction and 
cost of specifying differing insulation levels and methods of tests. 

When one considers the possibility of reducing insulation 
levels, it is as well to consider Table 7. With the worst inter- 
pretation, in the first three years recorded, one can deduce that 
40% of all the transformers installed would not be able to meet 
the specified level. Therefore, in effect, the C.E.G.B. are already 
conducting a full-scale experiment in reduced insulation levels, 
not only with their pre-war transformers, but also with many 
of their post-war units. Unfortunately, because the insulation 
level of those which are sub-standard is not known, the statistics 
of failure will not give conclusive evidence. 

Modern switchgear can be designed to give switching surges 
of a low value, and even with those types of circuit-breaker which 
can produce severe surges the level can be effectively controlled 
by surge diverters. The switching-surge aspect can therefore 
be overemphasized, and I suggest that attention should rather 
be concentrated on the other test proposals put forward by the 
author. 

Mr. W. Casson: Experience in this country in the past with 
high-voltage surge diverters has not been very satisfactory, 
mainly owing to their inability to withstand the unbalanced 
voltage gradients created by pollution. New designs of surge 
arrester should give improved performance, but we do not yet 
have enough of them installed. It would be at least ten years 
before we could obtain full service experience, and I do not 
think we should wait this long before deciding to employ, on a 
limited scale, designs of transformers with lower insulation levels. 
The problem of protecting them whilst getting the necessary 
experience on surge diverters could be overcome by adopting the 
following method. 

' This consists in providing rod-gaps on each phase at a con- 
venient point on the busbars outside the zone of the transformer 
protection. These rod-gaps would not be connected directly 
to earth but through a circuit-breaker and resistance. The 
circuit-breaker would normally be closed, and in the event of a 
gap flashover, a relay would be arranged to operate instantly 
and trip the circuit-breaker, but the transformer would not be 
tripped out. After a short time the circuit-breaker would be 
automatically reclosed ready for a further operation. Back-up 
co-ordination gaps would also be provided on the transformer, 
but these would be set to operate at a higher voltage than the 
special gaps, which could be set to a much lower value relative 
to the insulation level of the transformer than has been the 
practice in the past. 

With such an arrangement it should be possible to obtain 
important basic data regarding over-voltages due to lightning 
and other cases, and full recording of the operations could easily 
be effected. 

The policy of reducing insulation levels on transformers when 
protected by surge diverters has been successfully exploited in 
the United States, and I do not see why it should not be done 
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here, although Fig. 4 seems to indicate that the gain in reduced 
cost of transformers is much greater in the United States than it | 
would be in this country. ‘| 

Mr. D. J. Miller: It is dangerous to make a too ready generali- 
zation about the effect of surge diverters on system fault 
performance. 

We have had occasion to compare the characteristics of surge 
diverters drawn from a wide field of manufacturers both in this 
country and abroad. It is apparent that their design is far from | 
stabilized. Even in this country the characteristics vary widely, — 
and the differences are even more marked when they are of 
foreign manufacture. 


| 
The author draws his conclusions from References 25 and 26, 


both of which are Continental. We have had occasion to use > 
in the tropics surge diverters of foreign manufacture which | 
were not hermetically sealed. Whether from this cause or 
not, the performance was unacceptable. Subsequently we 
changed to other surge diverters which were hermetically sealed © 
and had improved electrical characteristics. Using these, I 

would say that the performance has been better than that given 

by the author. The author’s figures are probably based on 
Continental surge diverters, many of which are even now not 

hermetically sealed. i 

With regard to Fig. 4, we have had occasion to obtain alterna- | 
tive prices for transformers of 550 and 650kV impulse insulation 
level from the Continent. I think that the difference was about 
9% for transformers of about 30 MVA, which is somewhat 
greater than that shown for the British transformers, but very, 
much less than that for the American ones. b 

Mr. D. E. Singer: Whilst rod-gap protection has undoubtedly | 
contributed to low system fault incidence, a more severe criterion 
i.e. impulse testing, has revealed a relatively high rate of rejection 
(see Table 7). This aspect, rather than service experience, 
encourages the inclusion of impulse testing on a routine basis, 
particularly when we consider the arbitrary rate of sampling 
adopted. However, without considerable improvements to 
reduce the time for test and the introduction of a detailed test 
code, the prospects daunt me. 

With regard to the former, the testing time varies considerably. 
A well-disciplined staff operating on efficient production methods 
provides a service superior to the case where each test is treated 
as a research project with consequential delays. Greater 
attention must be devoted to this than hitherto. 

With regard to a test code, techniques should now permit a 
more rigid procedure, particularly when we consider that 
‘routine’ implies tests on all phases of each transformer. Hitherto, 
considerable discretion has been exercised in the manufacturer’s 
favour, owing to limitations of test facilities. Many premises 
are ill-equipped to meet routine testing requirements. Whilst 
B.S. 923 covers waveshape parameters, no standard exists 
covering other variables, e.g. polarity, controlled chopping, | 
voltage overswing, earthing conditions, tapping position, detec- 
tion sensitivity, acceptance criteria, etc. Furthermore, divergent | 
views are held about the form of supplementary records, which, 
I consider, should include fast and slow time sweeps, say 30 and | 
300 microsec for all voltage applications. No criteria exist for | 
the occurrence of ‘self sealing’ faults, which are not always 
revealed during subsequent voltage applications. These several 
aspects require explicit guidance in test-code form preparatory | 
to routine impulse testing. 

With regard to the economics of limited reduction of insula- 
tion level, even modern design techniques necessitate consider- 
able safety margins to cover material and manufacturing weak- 
nesses, 


Any price reduction can therefore be of no more than : 
token value, when we consider the limited drop in insulation | 
level envisaged. 


Mr. A. H. Barton (communicated): In Section 3(c) it is stated 
that ‘For transformers directly connected to the terminals of a 
generator, surge diverters are provided . . .’. 
| Generators switched at 275kV are of such a large capacity 
that they are generally connected to substations where at least 
four outgoing circuits are also connected. If overhead con- 
nections are made from the generator transformer to the 275kV 
Switchgear, these are usually run through an area where high 
structures and buildings provide a degree of protection from a 
direct lightning stroke. These connections are usually further 
protected by an overhead earth wire. The only surge which 
would therefore appear to have a reasonable chance of reaching 
the transformer terminals is a switching over-voltage, and this 
can be left to the ingenuity of the switchgear designer. 

In the circumstances, and bearing in mind that 275kV surge 
diverters are not only large pieces of apparatus to accommodate, 
but also necessitate large safety clearances, I suggest that they 
might be omitted from 275kV generator transformer circuits. 

Mr. W. S. Lovely (communicated): Our primary concern 
should be to achieve completely reliable transformers at a price 
which is satisfactory to users as well as suppliers, and we should 
be aware of British Standards and testing which may boost 
prices. Bearing in mind the good record of transformer service 
over the last few decades, special impulse design should be used 
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on transformers up to, say, 15 MVA and higher voltage below, 
say, 100kV only (a) where working conditions compel it, and 
(6) where, though working conditions do not compel it, it can be 
achieved at no greater cost to the buyer than a non-impulse 
design of proved merit and thereby can help standardization. 
With regard to testing, can we not have too much elaborate test 
plant in the country with a danger of its being over-used? A 
snowball scheme of testing may develop whereby tests get larger 
and more complicated just because the plant is available together 
with large numbers of enthusiastic, highly-trained and highly- 
inventive engineers. 

I am interested in suggestions for the adoption of lower 
insulation levels for transformers than those proposed in the 
paper. Obviously the ideas would have to be proved by type 
tests, and, in the interests of economy, such tests might be made a 
‘national’ or ‘pooled’ matter rather than involve a large number 
of large-scale competitive efforts. 

With regard to the proposal to place impulse design on a 
routine basis, I feel that this must be productive of increased 
costs, and, as has been mentioned by other speakers, it may 
not be justified. I still have great faith in the old-established 
power-frequency tests and would not like to see these seriously 
altered—at least not until there is ample evidence to justify such 
a step. 


NORTH-EASTERN CENTRE, AT NEWCASTLE UPON TYNE, 23RD MARCH, 1959 


Dr. L. L. Alston: I wonder whether the view expressed in 
Section 1, ic. the operation of a rod-gap always results in a 
system fault, is not unduly pessimistic. It has been shown 
recently“ that the power current must build up to about 1 amp 
for a power arc to become established. The power current 
might fail to attain that value if the surge were of short duration, 
particularly if the surge occurred well away from the peak of 
the 50c/s voltage wave. In the absence of special measurements, 
flashovers which do not cause a fault may escape detection, and 
it would be interesting to know whether any attempt has been 
made to record them. 

The author comments in Section 6.1.1 on the difficulties asso- 
ciated with the detection of chopped-wave failures, but he does 
not mention the technique of energizing the transformer at power 
frequency during impulse tests. This technique was used at 
one time in the United States and Sweden, and its object was to 
produce a power arc when impulse breakdown occurred; the 
detection and location of the breakdown were then relatively 
simple. Unfortunately, it was found that a power arc did not 
always occur, and the technique was abandoned. However, 
recent work: © has indicated that a power arc is initiated pro- 
vided that a current of about 1 amp flows in the winding under 
test when flashover occurs, and it would be worth while to recon- 
sider this technique, both for full-wave and chopped-wave 
impulse tests. 

Mr. R. W. Flux: The recorded number of rod-gap operations 
is too small to provide definite evidence on the efficacy of the 
protection afforded, but the ratio of transformer lightning faults 
to the number of gap flashovers is disappointingly high. 

The peak value of the chopped wave should be higher than 
that of the full wave, as this relationship is representative of 
actual operating conditions. A chopped wave may over-swing 
beyond zero owing to resonance in the test circuit. These over- 
swings can create greatly increased inter-coil voltages. It seems 
important to determine whether over-swinging occurs when a 
rod-gap flashes over in service and to define more precisely than 
at present the conditions for chopped-wave testing. 

Although experience would justify the adoption of routine 


impulse testing, practical difficulties are considerable. To retain 
the present procedure of testing one transformer in ten but to 
regard it as a sample rather than a type test seems to be a reason- 
able compromise. 

Mr. G. H. Hickling: Surge diverters are referred to in the 
paper as being ‘fundamentally less reliable’ than rod-gaps, and 
whilst the former have certain admitted advantages in relation 
to the possibility of reducing insulation levels, it is shown that, in 
general, the rod-gap characteristic is such as to afford satisfactory 
protection to the transformer. The practicable rod-gap setting 
depends upon the frequency of flashovers, and the evidence in 
Table 6 that an average of only four out of 57 outages were 
due to this cause shows that the present protective level is not 
obtained at the expense of continuity of supply. We may there- 
fore conclude that rod-gap protection is likely to remain, and 
with it the need for chopped-wave testing. 

It is stated that the present 115°% chopped-wave test results in 
an increase in the overall insulation margin (as compared with 
full-wave testing alone) of about 10%; but it should be remem- 
bered that, so far as the transformer inter-coil insulation is con- 
cerned, the chopping of a wave produces stresses of much greater 
severity than that applicable to a full wave. Whilst there would 
be definite advantages in reducing the chopped wave to the 100% 
test level—particularly in expediting the test procedure—it is 
clearly a matter for specification whether this shall be done. It 
is not specifically related to controlled chopping methods. I 
also agree with Mr. Flux that a more rigid specification of the 
chopped-wave characteristics is desirable in order to obtain some 
consistency in the severity of the test. 

In his Conclusions the author makes proposals for revised 
testing methods which include the adoption of the impulse test 
as a routine test. However, before this policy can be contem- 
plated by manufacturers, it is essential that a more satisfactory 
criterion be agreed on for accepting impulse test results as satis- 
factory. Oscillographic recording techniques have become pro- 
gressively more sensitive to minor disturbances, irrelevant to 
the impulse breakdown strength of the winding, which give a 
distinctive type of indication clearly distinguishable from break- 
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down of the winding insulation proper. ~The author’s comments 
would be appreciated on the recognition and acceptance of such 
disturbances when assessing the result of a transformer impulse 
test. 

With reference to Section 6.2, what type of fault is classified 
as a ‘processing’ fault, and how are these identified ? 

In connection with the final paragraph of Section 6.1.1, my 
own experience has been that, in practically no circumstances, 
has it been necessary to resort to relaxation of waveform toler- 
ances due to inductive or capacitive loading by the transformer. 
It is very satisfactory that only two transformers manufactured 
since 1939 have failed owing to lightning faults in service. 
Evidently the policy of impulse type-testing is giving satisfactory 
results. 

Mr. S. Zoledziowski: I should like to discuss the drawbacks 
of the power-frequency voltage-withstand test as a method of 
testing the insulation of transformers. First, if corona is present 
during the test, it may produce partial breakdowns, thus shorten- 
ing the life of the insulation. Secondly the test may not detect 
the presence of moisture, and it gives no indication of the corona 
inception voltage. The time has come to consider modification 
of the standard power-frequency test, which should aim at 
decreasing the danger of insulation damage and making the test 
more searching. A power-frequency test at reduced voltage, as 
suggested by the author, would tend to decrease the danger of 
insulation damage. However, other measurements would have 
to be introduced to detect moisture and corona. Methods of 
measuring the moisture content of oil-impregnated paper insula- 
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tion have been developed, and, in many countries, transformers 
must satisfy certain requirements before they are energized.D-E 
Methods of measuring corona have also been developed,F but 
corona levels which can be permitted have not been yet estab- 
lished for transformers. 
valid requirements into British Standards, but I feel that, to 
indicate the importance of these tests, they should be mentioned 
in the same way as impulse tests were in B.S. 171: 1936. 
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THE AUTHOR’S REPLY TO THE ABOVE DISCUSSIONS 


Mr. G. B. Harper (in reply): To take maximum advantage of 
available space my reply is given on a subject basis rather than 
by individual answers to all questions in the order raised. 

Mr. Rippon and a number of other speakers have commented 
on the problem of introducing routine impulse voltage tests. 
Reference to this matter in the paper is coupled with suggestions 
for complete revision of present test procedure, but, considering 
the value of the impulse test as indicated in Section 6.2, I believe 
its eventual adoption on a routine basis, at some future date, to 
be inevitable. As stated by Mr. Gibbons all transformer manu- 
facturers now have facilities for the test, and experience with the 
use of this equipment has shown general improvements in 
techniques over the last few years. Procedure delays are, to a 
great extent, conditioned by the attitude adopted towards the 
test, and I endorse Mr. Singer’s views in this respect. A realistic 
approach as a works production test considerably reduces the 
time involved and usually produces superior records. As 
suggested by Messrs. Flux and Singer, however, there is a 
definite need for more precise definition of requirements to take 
account of the special aspects for tests on transformers. 

Reference is made by Messrs. Rippon and Hickling to the 
interpretation of minor disturbances on impulse test records, 
disturbances not necessarily indicative of winding failure. A 
criterion that has been proposed for such cases is repetition of 
voltage applications, no increase in the disturbance being taken 
as proof that the cause is other then insulation failure. Whilst 
this may be acceptable for marginal cases, as the whole basis 
of fault detection is by comparison, acceptable divergence is a 
question of degree and, in my opinion, can only be decided on 
the basis of experience for the particular circumstances in 
question. 

In reply to Mr. Hickling, the faults recorded in Table 7 
attributed to inadequate processing were identified by careful 
examination of the damage resulting from the test, processing 
being defined as drying out and vacuum treatment. 


The inference of the comparison made by Mr. Ryder between 
Tables 5 and 7 is, I would suggest, misleading, and this view is to 
some extent substantiated by the remarks of Mr. Gee. In 
principle, tests should show a reasonable margin over anticipated 
service conditions, and therefore must be more onerous. Direct 
comparison between the two Tables is not valid, and, as stated 
by Mr. Cherry, the units which failed on test can be considered 
as sub-standard with respect to specified requirements. 


Mr. Ryder suggests routine impulse tests could be limited to — 


full waves with chopped waves retained as a type test. Usually 
the time taken for application of the chopped waves is small 
relative to that of the complete test, but, if any real economies 
could be shown, such a step would have certain advantages over 
the present sampling basis. I would prefer, however, to use the 


chopped waves on a sampling basis rather than strictly as a type | 


test. 
I fully support the views of Messrs. Rippon and Pattinson 
with regard to tests by transferred surge for cases where stresses. 


It is too early to introduce generally | 


\ 


on the windings, in service, are confined to this form of over- | 


voltage. Such a procedure, correctly representing both ampli- 
tude and form, has obvious advantages over selection of an 
arbitrary test level. 

A number of speakers refer to proposals relating to the 
possible introduction of a test corresponding to switching over- 
voltages. These proposals were included, not with the intention 
of complicating test procedure, but with the object of sug- 
gesting a more logical test sequence. Further investigation may 
prove that, in conjunction with the impulse test, a short-duration 
or momentary power-frequency test is adequate for this purpose. 
An additional test cannot be justified on the basis of service 
experience, and its introduction is valid only if it shows advan- 
tages in other respects. 
Reece could be of use for general investigation. 

Mr. Norris draws attention to the influence of methods 
adopted for improvement of surge strength on 50c/s stress. 


The form of test described by Mr. 


| 


. 
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Reconsideration of test procedure must take account of these 
circumstances, but any form of induced test naturally com- 
pensates for increased inter-turn stress resulting from winding 
transposition. The variation in voltages developed for different 
test connections and their effect on transformer insulation 
strength referred to by Mr. White is a further anomaly resulting 
from present procedure which could be improved by re-assess- 
ment of existing requirements. 
On the question of reduced insulation relative to the use of 
surge diverters, I agree with Mr. Egginton that, for present 
circumstances, the marginal extra cost of transformer insulation 
justifies the greater reliability obtained. This position, however, 
‘needs to be kept under review and full account taken of any 
manufacturing improvements in relevant equipment. Although 
based on deductions made from satisfactory protective levels in 
the case of the 132kV system, further operating experience with 
the 275kV system is desirable before the measures proposed by 
Mr. Tobin are contemplated. In reply to Messrs. Egginton and 
Barton, the conditions described in Section 5.3 refer to general 
principles, and, in practice, there are obvious advantages in the 
examination of individual cases. The theory of reduction in 
surge voltage by parallel circuits is to some extent substantiated 
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by the comparison given in Table 6. Mr. Norris and Dr. Alston, 
however, rightly draw attention to the fact that rod-gap flashover 
need not always result in power follow current, and therefore 
the interruptions recorded in Table 7 are not necessarily a true 
indication of the total number of gap operations. 

With regard to the comments made by Mr. Miller, References 
25 and 26 were chosen particularly as representing reliable data 
based on extensive service experience with the use of modern 
surge diverters, for the very reason that it is dangerous to 
generalize on these matters. As pointed out by Mr. Casson, 
service experience with surge diverters in this county leaves 
much to be desired, and figures for performance in Great Britain 
were not included in the paper partly on this account and 
partly because their very limited use does not permit a fair 
comparison. 

The introduction of some form of corona or discharge test 
for transformer insulation mentioned by Messrs. Pattinson and 
Zoledziowski would provide a useful complement to dielectric 
tests in general. Many problems remain to be solved, however, 
before a simple and reliable procedure suitable for routine 
testing is devised, although the undoubted value of such a test 
merits serious attention. 


DISCUSSION ON ‘OPERATIONAL EXPERIENCE AT CALDER HALL’* 


Before the NORTH-EASTERN CENTRE at NEWCASTLE UPON TYNE 27th October, the NoRTH MIDLAND CENTRE at LEEDS 2nd December, 1958, the 
NorTH STAFFORDSHIRE SUB-CENTRE at STOKE-ON-TRENT 16¢h January, and the NORTH-WESTERN SUPPLY GROUP at MANCHESTER, 23rd 


February, 1959, 


Mr. P. Knowles (at Newcastle upon Tyne): The Calder Hall 
plant clearly behaved very largely as the designers expected, but 
it can be seen that, as soon as the plant had been initially assessed, 
the process of seeking more output and more information from it 
started. Assessment of the state of the reactor core and its 
rearrangement to improve output is continuous and rewarding 
work, and new facts are continually emerging. It is because the 
ways of getting the best out of the plant require continuous work, 
and because it is clear there are still very many aspects to be 
understood and new facts to be discovered, that the inside of the 
security fence at Calder Hall should still be a much better school 
than the one established outside it: it is the only real source of 
practical knowledge on power reactors in this country to-day. 
It is to be hoped that the Windscale and Calder Hall turbine 
incidents will soon be seen by the U.K.A.E.A. in true perspective, 
and will not deter them from their continued inquiry into the 
behaviour of the Calder Hall reactors, which is so important to 
our civil nuclear programme. 

It is clear that Calder Hall has confirmed the gas-cooled 
graphite-moderated reactor as a suitable vehicle for the start of 
the civil programme. Such additional facts as the existence of the 
overall positive temperature coefficient means that the claim for 
inherent stability has to be abandoned, but it does not perceptibly 
alter the ‘feel’ of the reactor or make its control more difficult. 
It will, of course, mean that xenon instability effects, which are 
not noticeable at Calder Hall, will become very important in the 
larger high-flux civil reactors, but this is small cause for concern, 
for designers have no doubt already produced more-complex 
control systems to take care of such effects. Moreover, by the 
nature of its principal product, Calder Hall cannot confirm the 
3000 MWD/tonne target figure for fuel irradiation on which the 
economy of civil stations rests so very heavily, but at least it has 
confirmed that, if this target is not reached, loss of reactivity 
will not be the cause. 

Mr. E. J. M. Marrian (at Newcastle upon Tyne): In Section 4.2 

* Srretcu, K. L.: Paper No. 2594S, April, 1958 (see 105 A, p. 475). 


the author mentions that unscheduled trips of the reactor have 
occurred through defective components and maloperation 
during maintenance. It is understandable that emphasis should 
have been placed on ensuring that a faulty reactor is shut down 
as soon as possible, but is it not just as desirable to prevent a 
healthy reactor being shut down unnecessarily? First, therefore, 
the safety circuit should be above reproach, as to both the integrity 
of the various components which comprise the tripping chain and 
the way in which they are connected. For instance, it would be 
better if the supplies used for the safety circuit were earthed, not 
solidly, but in such a manner that one stray earth occurring 
elsewhere in the circuit could be made to initiate an alarm 
without either causing or preventing a shut-down. Secondly, 
for ease of maintenance, every instrument, relay, fuse, plug and 
socket, cable connecting block, etc., which, when disturbed, can 
cause the reactor to shut down, should be made easily recog- 
nizable, possibly by being painted or otherwise marked in some 
distinctive colour. The various groups of non-tripping alarms 
should also receive the most careful attention, since a malopera- 
tion can confuse the operator and may possibly lead eventually, 
if not to a dangerous situation, at least to an unnecessary fall in 
output. It would be most interesting to know whether the many 
thermocouples employed, particularly those no longer accessible, 
are giving useful service. Have there been any failures? If so, 
does the author consider that any improvement should be sought 
either in their design or in the manner in which they are installed? 

Mr. A. R. Rumfitt (at Leeds): When describing the operational 
experience with particular reference to the reactor section the 
author focuses attention on the problems arising with the 
handling of the control rods and refers to the methods of dealing 
with all associated parts after the reactor has become active. No 
reference is made, however, to the problems which must ultimately 
arise in dealing with the graphite moderator. On the assumption 
that the limit of the useful life of a reactor will be the period for 
which the graphite moderator remains efficient, what action will 
have to be taken with this component when the reactor must be 
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closed down? With conventional power stations there is no 
reason why an old site cannot be re-used to accommodate the 
latest types of generating equipment. With an atomic station, 
however, using reactors of the type described in the paper, it can 
be envisaged that, at final shut-down, all the apparatus contained 
within the biological shield will have to be sealed off to prevent 
contamination arising from the high degree of radioactivity 
within this shield. Must we therefore look to a future in which 
the countryside is littered with extinct reactors, which, in turn, 
will prohibit the use of the surrounding area for an incalculable 
number of years? 

Mr. V. J. Vickers (at Stoke on Trent): Mention is made of the 
leakage of oil from the blower-shaft seals into the reactor circuit 
as the result of maloperation of a valve. In my experience, this 
sort of thing can always happen, no matter how precisely the 
operating procedure may be laid down. It has been experienced 
with hydrogen-cooled turbo-generators, where we have to seal 
the shaft against leakage of hydrogen. Normally, extreme 
cleanliness is not so vitally important in such machines as it is in 
a reactor, and the simplicity of an oil seal is considered to outweigh 
any risk of oil gaining access to the interior. The author states 
that the oil detraining system has been modified, but even if these 
changes can be regarded as sufficient safeguard against a repeti- 
tion of the trouble, I still question whether the small amount of 
oil vapour can be adequately controlled in order to eliminate 
contamination over a long period. Has any consideration been 
given to the possibility of devising some form of seal which does 
not have to rely on oil as the sealing medium? 

The relatively high solubility rate of carbon dioxide in oil, 
which even at atmospheric pressure is some 12 times that of 
hydrogen, must present a problem: but without a knowledge of 
the principle of operation of the seal-oil system it is impossible 
to assess just how important it is. I conclude, however, that it is 
of significance, because oils with reduced gas solubility and low 
vapour pressure are now coming onto the market. Have such oils 
exhibited any undesirable characteristics, because they may be of 
assistance in reducing the rate of gas usage of hydrogen-cooled 
generators, which begins to be of significance as the operating 
pressures are raised ? 

A considerable length of relatively large gas ducting is involved 
in the Calder Hall installation, and I should be interested to know 
what form of gas sealing has been adopted at the various joints, 
and also what method of leakage detection was employed, during 
both initial proving and normal operation. 

Mr. J. L. Ashworth (at Manchester): The supply industry has 
a vital interest in the successful economic operation of nuclear 
power stations. The annual rate of increase of energy demand 
exceeds the rate of increase in coal production, and some 
alternative to home-produced coal is needed to fill the gap. 
Imported oil is being used at present, but it cannot be regarded as 
a stable factor in our future economy, and the obvious and 
practical alternative is nuclear energy. 

The C.E.G.B. are building a number of nuclear power stations; 
the first two, to be commissioned in 1961, have output capacities 
of 275-300MW, but other stations will have much larger 
capacities, in order to reduce capital expenditure per kilowatt by 
using large plant items. For example, a coal-fired station using 
550MW turbo-alternators is estimated to cost under £40 per 
kilowatt, compared with £78-£80 per kilowatt using 30 MW 
sets. 

At the present time the capital cost of a nuclear power station 
is about three times that of a coal-fired station of equal capacity, 
so that for reasons of economy the nuclear stations must be 

operated at as high a load factor as possible; but even so it is very 
comforting to have the author’s assurance that the Calder Hall 
reactors have been found to be so flexible that load changes 
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between 15°% and full load can be effected extremely easily and 


quickly. This feature will facilitate maintenance and operation. . 
In Section 3.3 the authors state . . . ‘Immediate indication of a 
burst not only prevents activity being recirculated and spread | 
round the circuit, but also enables the circuit to be kept at an — 
extremely low degree of contamination’. I do not know how — 
quickly from the time the first indication is given that the 


particular channel in which the burst cartridge lies can be 
detected and the cartridge removed, but I should have thought 
that the time interval would have been quite sufficient for the gas 


to circulate radioactive particles all round the system. I recently — 


had an experience with a damaged radioactive capsule. The 
size of the capsule, in comparison with the fuel cartridge at 
Calder Hall, is minute, but a considerable amount of work was 
carried out to bring the contamination from the damaged capsule 
in a building toacceptable limits. Lappreciate that thecontamina- 


i| 


| 
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tion in the reactor is under dry conditions and it is therefore a — 
question of removing dust, but I should not have thought it © 


possible to remove all the dust and therefore there must be some 
residual radioactivity which may have accumulated in the passage 
of time when more cartridges burst. 


Will the author enlarge on the safety aspect of people working | 


within the gas circuit? I note in Section 6 that air lines were used 
when the heat-exchangers were inspected, and presume this 
means that the operators wore protective clothing and breathing 
apparatus to prevent the ingestion of dust. 

Mr. J. S. Mills (at Manchester): The steam-raising units at 


Calder Hall were novel in many respects but particularly in that _ 
they were sited out of doors and that they contained radioactive! 


gas. Since the commissioning period on some units extended into 
winter, what lessons were learnt concerning frost hazard? The 
first units at Calder Hall were subjected only to an alkali boil-out; 
what arrangements were necessary in respect of blowing down to 
maintain reasonable feed-water quality, particularly during the 
early months of operation, and did the presence of radiation 
influence the schemes ? 


Will the author outline briefly the ‘permit to work’ system used | 


on the electrical system at Calder Hall, particularly during the 
working-up period covered by the paper? It would seem that 
the electrical supplies could be divided into three categories, 
namely 


(a) Essential supplies necessary to guarantee the safety of the 
loaded reactor. 


(6) Control supplies. 
(c) Normal electrical supplies. 


Only in the third case can the ‘permit to work’ be issued solely 


on the normal grounds of a conventional power station; in 
case (a) the safety officer must be consulted if the reactor is — 


loaded; in case (b) the operators must have an exact knowledge of 


what is being done. 


Mr. E. Gabriel (at Manchester): The question of staffing is | 


referred to only briefly in the paper, and the fact that the Calder 
Hall reactors were built for production entails a different ap- 


proach to the method of operation. This tended to fall into two | 


distinct compartments, namely operation of the reactor and | 
associated equipment and operation of the more conventional © 
power plant, and this division was extended up to management _ 
level. The operation of the future reactors at various loads, and ) 
the probable absence of a large steam-dump capacity, makes this ) 
division increasingly difficult to maintain. What are the author’s | 
views on this division of operational responsibility in the light of © 


his experience at Calder Hall? 


/ 


The author has stressed the importance of the rigorous testing 
of as much plant as possible in the pre-commissioning period. It | 
is also stated in the paper that the first recharge of No. 1 reactor 
was used to give the charge and discharge machines a prolonged 


| 
| 
| 
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test. In view of the importance of the charge-discharge equip- 
ment on the gas-cooled reactor, it is surprising that no mention 
is made of rigorous testing of this equipment prior to fuel 
loading on the Calder Hall reactors. 

The maintenance of clean conditions to a high degree in the 
manufacture, transportation and construction of reactor com- 
ponents is a very costly process. One wonders whether the 
very high standards laid down at present are really necessary, 
and whether at least some relaxation in these standards could be 
tolerated without prejudicing reactor operation. 

_ Mr. M. W. Jervis (at Manchester): The view has been expressed 
that, being a prototype reactor, a larger number of instruments 
‘than are strictly necessary are installed at Calder Hall and that 
the C.E.G.B. stations would probably have less-complex instru- 
mentation. The reverse appears to be the case, however, and it 
is being found necessary to fit even more instruments than were 
used at Calder Hall. These include complex gas-analysis 
equipment and quite sophisticated automatic data-loggers with 
computer-like facilities. It would be interesting to have the 

author’s view on this trend from the operational aspect. 

The problem of inaccessibility of many areas near the reactor 
has been stressed, and closed-circuit television would appear to 
be a very important factor in this matter. Will the author com- 
ment on the performance and utility of the Calder Hall television 
equipment ? 

The reactor control room has a mimic diagram arrangement 
for the grouping of the reactor instruments. Is this justified for 
such a simple gas circuit, and do the operators find it any 
improvement on a simple geometric layout? 

Dr. J. Shaw (communicated): I should like to discuss further 
the question I raised at the London meeting concerning the 
regagging or retrimming of the neutron-flux distribution to 
correlate the flow and flux patterns. For the civil reactors I feel 
that this problem is of great importance, since the design bulk- 
outlet temperature must be achieved if a loss in electrical output 
‘is to be avoided. The results obtained during the commissioning 
and operation of reactors Nos. 1 and 2 at Calder Hall, and 
described in the paper, showed that, although several attempts 
were made to correlate the flux and flow, the channel outlet- 
temperature drop in the core centre was not entirely eliminated. 
Such conditions in the civil reactors would certainly affect the 
economics of the station. : 

In view of this, some form of adjustable gagging, although 
expensive, may prove extremely useful during the operation of 
the station. The flux need then not be shaped to such a fine 
degree, the final trimming being carried out by adjustment of the 
gags. Although appreciating that a detailed answer to this 
question depends upon the particular mechanical details of the 
reactor, I should appreciate the author’s generalized comments, 
especially with regard to the provision of adjustable gags. 

In view of the fact that the Calder Hall reactors have been 
operated with small positive overall temperature coefficient, 
I should appreciate the author’s views on the necessity, if any, of 
changing the operational techniques during the change from 
operation with negative to positive coefficients. 

Mr. K. L. Stretch (in reply): Mr. Knowles is correct in urging 
that, despite the progress made already and the attention drawn 
to the risks involved in experimental work by the Windscale and 
Calder Hall incidents, it is essential that development testing 
should continue on the Calder Hall reactors. In view of the 
narrow front on which the British nuclear programme is advanc- 
ing, the information from wide variations in operating conditions 
is as essential as that which must be compiled by steady running. 

While agreeing with Mr. Marrian’s comments on the need for 
further development on instrumentation and control to avoid 
unnecessary shut-downs, it is fair to emphasize that the degree 
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of reliability achieved at Calder Hall was exceptionally good for 
this stage. The television equipment in particular behaved nobly 
in view of the treatment it received. The value of mimic diagrams 
depends on both the complexity of the circuit and on the quality 
of staff, and is likely to grow as reactors start to be treated as 
standard operational plant; otherwise, alternative methods can 
be adopted for ensuring that instruments are not misread. Over 
the whole range of instrumentation it is important to realize that, 
despite what has been achieved, an even greater range of measure- 
ment and reliability is essential to enable adequate information on 
the behaviour of the reactor core to be obtained. 

Mr. Rumfitt’s remarks about cluttering the landscape with 
obsolete reactors are true, and illustrate one of the reasons which 
make some of us doubt whether the rush to build so many nuclear 
power stations of such size as at present is indeed wise, particu- 
larly since it is difficult to believe that the future supply of oil 
can be as unstable as suggested by Mr. Ashworth—if we are to 
have any future at all. 

His comments on the impossibility of preventing some spread 
of activity are true, but this is a question of degree; and the value 
of a high sensitivity in the burst-cartridge detection gear lies in 
the possibility of keeping the level low enough throughout the 
working life of the reactor. 

Without detailing the ‘permit to work’ system adopted at 
Calder Hall, the essence can be stated to be similar to that used 
on chemical plant. In this system responsibility for safety and 
operation is not separated, but vested solely in the operators; 
and no item of equipment associated with the plant can be taken 
off line for maintenance without clearance having been obtained 
from the appropriate operational supervisor. Where a particular 
item forms an interconnecting link between two separate parts 
of the station, clearance must be obtained from both sides; and 
the responsibility for ensuring that this does not involve any 
hazard, for indicating the limits of the clearance and for taking 
any necessary preventative or precautionary measures lies with 
the operational supervisor. 

No undue problems were associated with the outdoor boilers 
of the Calder Hall reactors, but it should be remembered that, 
while freezing conditions were sometimes experienced and the 
external conditions in the form of wind and rain were sometimes 
extremely trying, this particular stretch of the Cumberland 
coast seldom experienced any severe and prolonged frosts. The 
main disadvantages of this form of construction are associated 
with maintenance operations. 

Mr. Vickers will find most of the constructional details in the 
Calder Hall Symposium. It is true that some build-up of oil in 
the reactor is unavoidable, but, if held to reasonable limits, there 
is no reason why it should cause any marked disadvantage, 
provided that it carries no incompatible elements. 

With regard to Dr. Shaw’s query on gagging, since the limiting 
temperature is often the internal uranium temperature, there will 
probably always be some drop in outlet gas temperature towards 
the core centre. Theoretically, gags would help to trim the 
reactor more accurately, but there is a strong case for keeping 
anything within the reactor vessel mechanically simple and 
robust, in view of the difficulties of maintenance within the shield. 
The same applies to any item which has to operate within the 
reactor core; and the absence noted by Mr. Gabriel of specific 
mention of prolonged operational testing of the charge and 
discharge gear before take-over was due to the fact that, through- 
out the early tests, modifications were continually shown to be 
necessary. Probably some relaxation in the clean condition 
standards could be tolerated, but this will not be very great on the 
natural-uranium gas-cooled reactor, in view of its size, and 
therefore the difficulty of putting things right after erection, and 
its tight neutron economy. 
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‘ELECTRIFICATION OF THE U.K.A.E.A. INDUSTRIAL GROUP FACTORIES’* 


GoucesTER 15th December, 1958, a || 
Before the NORTH-EASTERN CENTRE at NEWCASTLE UPON TYNE 8th December, the WESTERN CENTRE at s : 
‘ joint meeting of the MERSEY AND NORTH WALES CENTRE and the NORTH-WESTERN CENTRE at CHESTER 2nd February, and the TEES-SIDE SUB- 


CENTRE at MIDDLESBROUGH Is? April, 1959. 


Mr. T. H. Morrison (at Newcastle upon Tyne): The authors 
refer to construction supplies and the difficulty of assessing the 
amount of temporary supply required. On the larger sites this 
is becoming more difficult when stress-relieving of the pressure 
vessel is also necessary, for nearly 1-5 MVA is needed to supply 
the site and the large workshops associated with the pressure 
vessel and heat exchangers. At Chapelcross it became obvious 
that temporary Diesel-generators were not practicable to supply 
1°5 MVA while stress-relieving, requiring 1-5 MW, was connected 
to the mains. However, the Electricity Board were prepared to 
provide 3 MVA on the assumption that heavy-current switching 
would be carried out during night hours. 

Stainless-steel tubes were used as heating elements for stress- 
relieving, two 3-phase elements being used at Calder Hall and 
controlled by an l.v. switchboard. It was decided that a single 
3-phase element would be used at Chapelcross, and this fact was 
taken into account when designing the construction supplies. 
An 11kV ring main was installed around the site, fed by two 
11 kV circuit-breakers. Four substations were connected to the 
ring main through tee-off fuse and isolator units and 11 kV/415- 
volt transformers of 750 or 1000 kVA capacity, depending 
on their location. The two substations nearer the main 11kV 
switches served the reactors. 

When a stress relief was pending, an additional tee-off unit was 
inserted in the ring main, so that there were two units in series 
at that point. The primary of a 1-5MVA 11kV/415-volt 
transformer was connected to the fused circuit of the tee-off unit 
and the secondary was connected solidly to the 3-phase heating 
element, the transformer being placed just outside the pressure 
vessel to minimize the length of the heavy l.v. cables. 

At stress relief the ring main was broken between the two tee- 
off units, resulting in the construction supplies being fed from 
one end of the ring and the stress-relief transformer from the 
other. Switching of the element was carried out at 11kV, the 
transformer being able to carry the initial 50% overload for 
several minutes. The load gradually fell as the element was 
heated, the relieving temperatures of 600° C being attained in less 
than two days. The power was then disconnected. This method 
has been successfully used for four pressure vessels and seems 
to be perfectly satisfactory, with the chief advantage that supplies 
are not interrupted at any time. 

Mr. P. H. Woodward (at Newcastle upon Tyne): I am still not 
certain to what extent the elaborate supply arrangements at 
Capenhurst were necessitated by the need for reliability of supply 
as against the requirement for low impedance to avoid stalling 
of large motors subsequent to short-term faults. For instance, 
are the 132kV feeders of the pair supplying Sections A, B, C 
and D each sufficient to carry the load of the associated section 
with the other feeder out of commission? Furthermore, the 
short-circuit power available on the 11 and 3-3 kV busbars could, 
under certain circumstances, be exceedingly high, and I should 
like more details of the arrangements for avoiding such conditions. 

It is apparent from the size of the present and near-future 
loads that the nuclear-engineering industry as a whole has been 

up to the present, and will be for some time, a consumer of 
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electricity rather than a supplier. I should be interested to know |} 
when the industry will be able to furnish a credit balance in the | 
form of an overall export to the nation’s electricity supply system. 

Mr. E. L. Tapson (at Gloucester): 1 am impressed by the | 
comprehensive alternative arrangements, and should like to 
know whether all design is carried out by U.K.A.E.A. staff or — 
whether outside consultants are employed. | 

At Capenhurst the paper shows eight connections to the Grid} 
and to four major power stations, together with three transformers 
at each main substation. Might some interconnection on the 11 
and 3-3kV sides save much duplicating of the main supplies, | 
bearing in mind fault-energy levels? Has any occasion arisen 
to prove the necessity of the arrangements so made? 

Is there difficulty in obtaining staff of the calibre to match the 
precautions taken in the plant, and do they stay long enough 
thoroughly to know and understand the distribution they control? 

I note the use of 1000 and 1500kVA transformers where our | 
Board, even in concentrated load areas, prefer 5S00kVA units, | 
and I wonder who is right. il 

With regard to the instability of induction motors on transient | | 
faults, I recall a similar problem at a steelworks where the — 
management were particularly concerned at a sudden loss of © 
motive power. The problem here was overcome by building 
flywheels into the drives. Could a similar solution have been 
used at Capenhurst? 

Mr. J. A. F. Harvey (at Chester): My interest lies in the way a 
large and concentrated load has been fed without permitting — 
excessive fault levels to exist, and we have been told that initially 
the reactance was slightly high, leading to some difficulty with 
motors picking up after the clearance of an external 132kV 
fault. It is interesting to hear that motor and circuit charac- 
teristics were investigated on a simulated circuit driven by a 
short-circuit testing alternator. 

Since the concentrated load at Capenhurst may be regarded as 
a single large induction motor when a fault occurs, the r.m.s. 
symmetrical value of the first few loops of current will be substan- 
tially higher than the continuing current from the supply source. 
The conditions of making and carrying the first peaks of current 
are much more severe than those normally associated with the 
interrupting duty and are similar to those encountered in power 
stations. What are the ratios at Capenhurst, and is this one of | 
the less obvious reasons for favouring air-break switchgear? | 
Air-break designs offer great scope for obtaining high making © 
and latching performance, owing to their smaller ‘in contact’ _ 
travel compared with oil circuit-breakers, which, for anything | 
but the lowest ratings, need overlap contacts with relatively long 
‘in contact’ travel. 

The problem of keeping the essential load within bounds when 
it has to be supported by Diesel-generators is obvious, but was _ 
any study made using a site where water could be stored for | 
supporting the full load for short periods? 

What types of plugs and sockets are used for disconnecting 
apparatus in danger zones? | 

Mr. J. H. S. Morris (at Middlesbrough): The carbon-dioxide 
fire-fighting equipment referred to in Section 5.1 is presumably 
automatic in operation. In this connection the layout of a 
typical substation given in Fig. 9 shows double outward-opening 
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| 


[ 448 ] 


— 


DISCUSSION ON ‘ELECTRIFICATION OF THE U.K.A.E.A. INDUSTRIAL GROUP FACTORIES’ 


doors to the h.y. switchroom. Are these specially reinforced to 
prevent them opening in the event of an explosion within the 
switchroom, with the possible resulting loss of carbon dioxide 
before extinction of a fire? Might not sliding doors be more 
suitable? 

When reading the paper I assumed that the 6-6kV/11 kV/415- 
volt transformers referred to in Section 5.3 were triple-wound 
units with all three windings energized, but during the presenta- 
tion of the paper it appeared that they were transformers with 


_ primary windings tapped to be suitable for operation at 6-6 or 


11kV. Will the authors confirm that this is so? 

In Table 1, for a particular size of motor the cable size specified 
from fuse to starter is different from that between starter and 
motor. Will the authors give the réasons for this? 

Mr. V. F. Lord (at Middlesbrough): With regard to the installa- 
tion at Capenhurst, did the Authority consider building a local 
power station specifically for the plant concerned, and distri- 
buting electricity by a cable network with no Grid tie? The 
cable network would be less prone to outage than overhead lines, 
and as a result, probably less standby equipment would have been 
required. Furthermore, if a steam demand existed in the factory, 
this could be supplied from back-pressure generating sets. 

I was interested to see that remote control rooms are provided 
in substations where equipment of 150 MVA and above is used. 
Is this really necessary for 150 and 250 MVA equipment, since 
it must add considerably to the cost of the substation? 

In Table 1, the discrepancy in cable sizes for standard squirrel- 
cage motors is presumably because the starter-to-motor cable is 
protected by the starter overloads, whereas that between fuse 
and starter is protected by a fuse, which may have a fairly high 
tating. What was the basis of calculations determining this 
heavier size of cable? 

I was surprised to find that tungsten-filament lighting is used 
in process buildings. Surely continuous-running plants could 


_ easily justify the use of fluorescent or h.p. mercury-vapour lamps. 


Mr. D. W. Pattenden (at Middlesbrough): I understand ‘electri- 
fication’ to mean the changing over to electrical operation of a 
mechanically operated factory or other works. Was electrical 
operation originally thought to be so hazardous or otherwise 
unsuitable for some of the factories that initially they were 
equipped with only mechanical, pneumatic or hydraulic actuators ? 

The authors state that all electrical equipment in the examina- 
tion caves is connected by plugs and sockets so that it can be 
removed and replaced if it becomes faulty. They also state that 
repair is often impracticable, owing to contamination. How is 
faulty contaminated equipment removed from the caves without 
hazarding the maintenance personnel, how is it transported and 
how is it disposed of so as not to constitute a more or less 
perpetual danger to life? What precautions are taken to ensure 
that this equipment does not come into the hands of people who 
may not appreciate its contaminated condition? 

Messrs. J. W. Binns and W. J. Outram (in reply): We would 
draw attention to the reply to the earlier discussions, and again 
regret that space limitations prevent our answering questions 
individually. 

Dealing with the many additional questions asked on the 
Capenhurst system, each feeder of the duplicate 132kV supplies 
to each of the sections A, B, C and D at Capenhurst would 
support the load at that section. Interconnection at 11 or 3-3kV 
on the present Capenhurst system cannot be made without 
affecting fault levels. In fact, certain interconnections did 
initially exist between the two 11kV substations and between 
the 132kV sections A and B which feed them, but unstable 
running was experienced under certain circumstances with this 
arrangement, and present arrangements were chosen in conjunc- 
tion with theC.E.G.B.as a result of this (see Mr. Eaves’s contribu- 
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tion to the discussion in London). No special provision is made 
to avoid any exceptional high fault power on the 11 and 3:3kV 
busbars other than the insistence on great care in testing and 
switching the circuit back on to these bars after maintenance. 

A local generating station for Capenhurst was considered, and 
in fact the C.E.G.B. station at Ince was built for the purpose. 
Overhead lines could not be eliminated, however, owing to the 
need for back-up capacity to local generation. Moreover, the 
steam demand at Capenhurst is low and in no way lines up with 
the requirements for electricity. 

A number of questions have been asked relating to substation 
design and choice of switchgear. Mr. Tapson is surprised by 
the size of medium-voltage transformers chosen, but we suggest 
that this is primarily a matter of load concentrations and that 
the Area Boards would probably arrive at similar conclusions if 
they had similar concentrations. 

The 6°6kV/11kV/415-volt transformers are, in fact, wound 
with the primary tapped to permit a series-parallel arrangement 
on part of the winding. 

With regard to the provision of remote-control points for 
switchgear of 150 MVA or over, it is regretted that there is an 
error in the paper. It is, in fact, our practice to provide remote 
control for switchgear of over 150 MVA generally in accordance 
with the recommendations of H.M. Inspector of Factories. 

No special provision is made to reinforce the outward-opening 
doors of substations which have automatic carbon-dioxide fire 
protection. Even if these were to open as the result of an 
explosion, we believe that the carbon dioxide would still be 
effective. 

Some discussion has taken place on the capacity of construc- 
tion supplies and the general statements are noted. It is pointed 
out, however, that on our sites we have very little to go on when 
first opening up a new project, and the paper indicates what has 
been found generally suitable for normal work. Special provision 
must inevitably be made for stress-relieving or other special 
applications when these are necessary. 

Water power for emergency generation has not been resorted 
to or considered, primarily because the sites are not suitable. In 
addition, we feel that the capital cost of such a scheme for emer- 
gency generation would far outweigh the cost of Diesel generation. 

The cable sizes in Table 1 of the paper are based on our 
interpretation of The Institution Wiring Regulation No. 316 
(13th edition) and are on the basis that the cable between the fuse 
and starter is rated for the full-load current of the motor or half 
the fuse rating, whichever is the greater, and the cable between 
the starter and the motor is rated to the full load current of the 
motor. 

Faulty electrical equipment in examination caves, etc., is 
connected by normal types of industrial plugs and sockets to 
enable removal by men dressed in special ‘frog suits’ or by 
remote-handling equipment. 

Fluorescent and h.p. mercury-vapour lamps are, in fact, used 
for many of our process plants, although the preference for 
operational reasons is frequently for tungsten-filament lamps. 

Although the nuclear engineering industry as a whole has, up 
to the moment, been an overall consumer of electricity rather than 
a supplier, with the operation of the Calder Hall A and B power 
stations and the gradual loading up of the Chapelcross station, 
a near balance is imminent. With the commissioning of the 
C.E.G.B. stations, the industry as a whole will be a supplier. 

In general, design work for U.K.A.E.A. factories is carried 
out by our ownstaff. Outside consultants are, however, employed 
in certain instances. As in other industries, we have our 
difficulties in obtaining suitable technical staff, but in spite of 
this we appear to have managed fairly successfully, probably 
because we are a new, and to some extent novel, industry. 


DISCUSSION ON 
‘ELECTRICAL INSTALLATION AT CALDER HALL 
NUCLEAR POWER STATION’* 


NORTH-WESTERN UTILIZATION GROUP, AT MANCHESTER, 17TH MARCH, 1959 


Mr. J. O. Joss: The electrical design of Calder Hall was strongly 
affected by the requirement that full plutonium production should 
proceed with or without the generating plant in operation. A 
further complication was the decision to contribute from the 
works supply to the adjacent Windscale factory. The final power 
station, not surprisingly, resembles an industrial power plant 
more than a modern central power station. 

A distinctive feature of Calder Hall is the use of Ward Leonard 
sets for blower-motor supply. This d.c. system is feasible because 
of the use of low-speed centrifugal-type blowers, and because the 
off-load fuel-charging system gives no dearth of shut-downs for 
brush-changing. Obviously, even these circumstances are 
inadequate, and arrangements have been made for single-unit 
outages for rebrushing. Is information on brush life and frequency 
of circulator shut-down for this reason available? 

The majority of the civil stations are equipped with axial-type 
circulators, which are high-speed machines requiring an a.c. 
drive. In two of the stations the drive is by induction motor, 
with speed control from variable-speed house turbo-generators. 
Thus the circulator load is removed from the normal auxiliary 
electrical system, which is of a very conventional design. Ina 
300 MW nuclear power station with a total circulator load of 
30 MW, the constant-frequency auxiliary load is only 12 MW. 
The analysis for this, namely 4 MW for circulating water, 3 MW 
for reactors, 4 MW for the turbine hall and 1 MW for services, 
should be compared with Table 1 in the paper. Since the reactor 
electrical load is small (1:5 MW for each reactor), it is supplied 
at 415 volts, and all 3kV switchgear is confined to the turbine 
hall, as in conventional practice. 

Central power stations from their inception have included 
storage batteries for shut-down and emergency use. In large 
power stations these are kept small by using Diesel-generators 
to take over the load after a short time. Calder Hall uses such a 
system, but of very large relative capacity. The use of a com- 
pletely d.c. system has disadvantages associated with voltage 
variation, high current and fault interruption. Increased main- 
tenance may be difficult to achieve if plant is in a high-radiation 
zone. The addition of inverting plant supplying an a.c. system 
iS more convenient and economical and no less reliable. The 
use of brush-gear is confined to a minimum, and this operates 
under near-ideal atmospheric conditions and is accessible for 
maintenance without affecting auxiliary drives. 

Mr. P. Balmer: It may be of interest to look at some of the 
details of the low-frequency supply system for the control-rod 
actuating motors. Four 3-phase frequencies are required. A 
3-phase motor drives an alternator directly and a frequency- 
convertor rotor through a 1:1 gearbox. The alternator output 
is fed to six slip-rings on the convertor to produce a rotating 
magnetic field which spins at synchronous speed with respect to 
the convertor rotor. The rotor windings are brought out to a 
commutator with fixed brush-gear. If the rotor were stationary, 
an output at 50c/s would appear at the brush terminals. If the 
rotor is spun backwards at the same rate as the field spins forward, 
a d.c. output will be obtained. The magnitude of the voltage at 
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each output terminal is determined by the position of the rotor 
in relation to the alternator rotor. Small differences in relative | 
speed of convertor rotor and alternator will produce low | 
frequencies at the output. i] 

For safety reasons the phase rotation and frequency of the — 
output must be accurately defined. The gearbox is an in-line 
differential unit, the input and output speed difference being 
controlled by the cage. This is either driven through one of three 
fixed gear trains or held stationary by a brake. Gear-train 
selection is effected by stationary-field electromagnetic clutches, 
only one of which is energized at any one time. If the direction | 
of rotation of the pilot motor driving the cage is incorrect, the | 
control rods might be pulled out at 100 times too high a speed. — 
To safeguard against this a free-wheel is incorporated in the © 
drive. If the main motor phase is reversed, both alternator and 
frequency-convertor reverse, so that the output phase sequence 
is not affected, provided that the pilot motor rotates in its usual 
direction. Normally, if the drive to the convertor is sheared but _ 
the alternator is still driven, the phase sequence will drive the | 
control rods in. Under conditions of reversed supply to the 
main driving motor the rods could be pulled out by the drive 
failing, but this is a double fault. In general, it is impossible to 
protect a system against simultaneous double faults. Protection 
outside the system would then be relied upon, e.g. the emergency 
shut-down circuits. Failure of the main supply simply makes the 
machine set run down over a period of minutes. 

Rotary converting equipment is thought to be undesirable, 
since to hold the rods at Oc/s the set must run continuously, but 
to maintain reasonable continuity of supply some static converting 
equipments are fed from local flywheel alternator sets and hence 
their advantage is not so obvious. 

Messrs. N. J. Mackay and E. Hardwick (in reply): We cannot 
give Mr. Joss a simplified statement of brush life on circulator 
motors, since a certain degree of random wear is being experienced. 
It has been found useful to arrange outages of single machines 
after 8-10 weeks of continuous operation for brush and com- 
mutator maintenance if there has been no intervening shut-down 
for other reasons. However, considerable work is still proceeding 
on the solution to the various problems involved with a view to 
the extension of this period. . 

We are pleased to see comparative figures for house load | 
relative to a large C.E.G.B. nuclear station, presumably | 
Bradwell. | 

We have already given some of our reasons for the selection | 
of a d.c. emergency system in previous replies. The advantages 
claimed by Mr. Joss for an a.c. scheme are offset to some degree © 
by the fact that the inverter plant must run continuously, even — 
though a large proportion of the load may be stationary under — 
normal conditions. 

We acknowledge Mr. Balmar’s contribution in amplifying | 
some of the interesting detailed points in the design of a control- 
rod system. Presumably the reference to flywheel alternators is 
intended to indicate the need to prevent the dropping of control 
rods because of supply transients. It may be possible to utilize 
the battery system as a form of ‘holding’ supply to overcome this 
problem. 
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ELECTRICAL SUPPLIES TO POWER STATION AUXILIARIES 
By D. A. DEWISON, Associate Member. 


(The paper was first received 1st May, and in revised form 21st August, 1958. It was published in December, 1958, and was read before the SUPPLY 
SECTION 22nd April, 1959.) 


SUMMARY. 

The paper considers the factors involved in the design of electrical 
supplies to power stations. 

The general principles of the unit transformer system are described 
and the detailed design problems and economic aspects associated 
with the scheme are examined, being illustrated by an example of a 
station comprising five 200 MW units. 


(1) INTRODUCTION 


The electrical load required for running a power station is of 
the order of 4-7% of the station output. 

The safety and continuity of output of the station depend on 
the reliability of the electrical supplies to the auxiliaries, so that 
careful consideration must be given to the design of the electrical 
distribution system. Reliability represents the primary quality 
of the distribution system and it is evident that complicated 
systems accentuate troubles in the event of an emergency; hence 
simplicity is a quality which tends to increase reliability. 

The investigation of costs can be reduced to a matter of figures 
which have to be compared with the more intangible factors of 
reliability and operational flexibility. This takes the considera- 
tion out of the purely electrical aspect into that of the wider 
conception of power station design. It requires a careful con- 
sideration of the relative importance of auxiliaries, and in 
particular of the problems associated with the boiler feed pump. 

A factor influencing the design of the electrical distribution 
system is the present practice of designing stations on the unit 
principle, where one boiler and one turbine with the associated 
auxiliaries run as an entirely separate unit without interconnec- 
tion. As a natural consequence the electrical supplies have 
followed the same principle. 


(2) THE SOURCE OF SUPPLY 
There are four possible sources of supply for auxiliaries: 


(a) Connection from the Grid system through transformers. 
(b) Generator terminals, through transformers. 

(c) Auxiliary generators coupled to main sets. 

(d) Separately-driven generators (either steam or Diesel). 

Nearly all the combinations of these sources have been tried, 
but the one now adopted in this country is a combination of 
(a) and (b), which has come to be known as the unit transformer 
system. 

Of these methods, (d) is much the most expensive, while there 
is a small difference between (b) and (c). Method (a) is expensive 
and is also considered to be insufficiently reliable on its own; it 
is now only used in combination with (b). There might be a 
case for considering (a) in a station comprising only two units. 
A cost comparison for (4) and (c) is shown in Appendix 15.1. 

The merits of these schemes have been discussed at length in a 
paper by Szwander.* 


* SZWANDER, W.: ‘Power Supply for Generating Station Auxiliary Services’, 
Journal I.E.E., 1947, 94, Part II, p. 372. 


Mr. Dewison is with the Central Electricity Generating Board. 


(3) THE UNIT TRANSFORMER SYSTEM 


Fig. 1 illustrates a distribution system for a power station 
comprising five 200 MW units. The essential features of the 
scheme are as follows: 


(a) There are two main sources of supply: from the Grid 
via the station transformers, and from the generators via the 
unit transformers. 

(b) The auxiliaries are divided into two main groups: ‘urgent’ 
auxiliaries, i.e. those associated with the running of a unit, and 
‘service’ auxiliaries, i.e. those whose loss would not affect the 
output of the station until after a considerable time interval. 

(c) The urgent auxiliaries are supplied from the unit trans- 
formers and the service auxiliaries from the station transformers. 
Each unit has an entirely separate supply and failure of one unit 
does not affect any of the others. This method of dividing the 
urgent and the service auxiliaries gives greater reliability to the 
urgent auxiliaries, because disturbances and faults on the less 
important service auxiliaries are not reflected to the unit supplies. 
Furthermore, the unit transformer is a more reliable supply than 
the station transformer, because failure of the Grid system will 
not affect the unit supplies if the sets can be kept running. 

(d) Paralleling can only be made at the 6-6kV switchgear, 
the method of connection making it impossible to parallel at 
the 415-volt level. 

(e) Interconnection is provided between the station boards and 
the unit boards for starting purposes and to provide an emergency 
standby supply in the event of failure of the unit supplies. 

(f) A continuous supply is given to the standby-boiler feed 
pump, and facilities are provided for readily transferring this 
auxiliary to the unit transformer when it has come into operation. 

(g) A reactor is included between the station transformers, 
and the switches on the station board are interlocked to ensure 
that the two transformers cannot be paralleled unless the 
reactor is inserted. This is done to reduce short-circuit forces, 
as explained in Section 12. 

(h) Duplicate supplies to the sub-branches of the unit circuits 
have not been provided for the station shown in Fig. 1, as it was 
felt that the reliability of switchgear, cables and transformers is 
such as not to warrant the increased cost and complications. 
However, this aspect requires careful consideration for each 
station. For instance, failure of a transformer might cause the 
outage of a unit, and the cost of the possible outage for a high- 
efficiency machine has to be assessed against the cost of the 
method of restoring the unit to service. One method of reducing 
the time of outage is to have available in the station stores a 
spare transformer and switch. A more expensive method, 
which reduces outage time to a minimum, is shown in Fig. 5, 
where a built-in standby is provided. 


(4) METHOD OF OPERATION 


To start up a unit, a supply is taken from the Grid via the 
station board to the unit board, the unit transformer switch 
being open. When the generator has been brought up to normal 
speed it is synchronized on to the main transmission busbars 
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Fig. 1.—Auxiliary power supply connections: 5 x 200 MW units. 


and very lightly loaded. The unit supply and station supply are 
check-synchronized and the two sources paralleled. The station 
board supply is then disconnected from the unit board, leaving 
the urgent auxiliaries supplied from the unit transformer. 

The reverse process is carried out for shutting down the unit. 


(5); DIFFICULTIES OF PARALLELING AND CONNECTION 
TO THE GRID 


Although in practice little difficulty is experienced in paralleling 
the unit and station supplies, due regard must be given to this 
in the early stages of design. 

Normally the main Grid busbars are operated with the bus 
section switch closed, but there may be occasions when it is 


necessary to open this switch and operate the Grid as two 
separate systems. If it is found necessary under these conditions 
to parallel a unit on one section with a station transformer on 
the other section, then the two sections of the Grid are paralleled 
through the 6-6kV switchgear. Under these conditions it is 
possible that circulating currents will pass through the auxiliary 
transformers. It is necessary to ensure that these currents are 
within the operating limits of the transformer circuits. 

At some station sites, usually where a new station is to be 
erected alongside an existing one, it is possible that the existing 
Grid switchgear could be utilized to supply the station trans- 
formers. Thus it is possible that the new station generators 
would be connected to a new 132kV or 275 kV switching station 
while the station transformers were connected to the existing 
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33kV. There are considerable economies to be made by this 
arrangement, but these have to be assessed against the reduced 
reliability, and the difficulties of paralleling mentioned above. 


(6) VARIATIONS ON THE UNIT TRANSFORMER SCHEME 
Two variations on the scheme shown in Fig. 1 have been used. 
Fig. 2 shows the alternative methods. 
That shown in Fig. 2(a) has been used at a station comprising 
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standby supply, which is very important for boiler feed pumps 
on larger units. (d) The desirable unit principle is lost, because 
the general-service auxiliaries must be supplied from the unit 
transformers and this factor leads to a complicated system of 
connections, with large-capacity unit transformers. 

The method shown in Fig. 2(b) has been used at a station 
comprising six 100 MW units. This method allows the auxiliary 
switchgear rating to be reduced, but the associated cost saving is 
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Fig. 2.—Variations on unit-transformer scheme. 


four 30 MW units. With this method the station transformers 
are eliminated. A switch is inserted between the generator and 
the generator transformer, and is opened for purposes of starting 
up. The unit auxiliaries then obtain their supplies through the 
generator and unit transformers. The method has the following 
disadvantages: (a) For sets much above 30 MW the currents 
would become excessively large and special switchgear would 
have to be developed. (b) The introduction of a switch into the 
main circuit of the unit reduces reliability. (c) There is no 


offset by the cost of the additional transformers, and the dif- 
ference in overall cost of the scheme is marginal compared with 
the method of Fig. 1 when all the factors are taken into account. 
Where the main Grid voltage is 275kV the scheme loses its 
economic merit because of the high cost of the transformers. 


(7) CLASSIFICATION OF AUXILIARIES 
As mentioned in Section 3, the auxiliaries are classified into 
two main groups for purposes of power supply: urgent auxiliaries 
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and service auxiliaries. The urgent auxiliaries are those asso- 
ciated with the running of a unit, i.e. boiler and turbine, whose 
loss would cause immediate loss of station output. 

The service auxiliaries are those whose loss would not affect 
the output until after a considerable time interval. Included 
in this group are those auxiliaries which, while associated with 
a unit, are not urgent, such as the barring gear and auxiliaries 
used for starting up the unit. 

In order to determine into which group each auxiliary should 
be classified, it is necessary to examine their functions and opera- 
tions and to appraise their relative importance. It is not 
intended here to investigate this in detail, but only sufficiently to 
indicate into which group each auxiliary should be placed. The 
more important auxiliaries commonly in use at pulverized-fuel 
stations only have been considered. 


(7.1) Boiler Feed Pumps 


Various systems of boiler feed pumps have been tried at 
different times, but the one most favoured in recent designs has 
been two 100% electrically-driven pumps, one acting as standby 
to the other. In the event of failure of the normal running 
pump the standby is automatically started by a feed-pressure 
relay. The normal running pump is supplied from the unit 
board, while the standby pump is supplied from the station 
board; thus a complete loss of boiler feed can only occur if the 
station supply and unit supply are lost simultaneously. 

On recent large high-pressure units the boiler feed pump has 
been split into main pump and booster pump, but this has had 
little effect on the electrical distribution considerations as both 
are fed from one switch. 


(7.2) Extraction Pumps 


It is usual to install two 100% extraction pumps per machine, 
One running and one standby. A pump failure would cause the 
water level in the condenser to rise, and in a matter of some 
minutes it would reach a dangerous position necessitating a 
unit shut down. No automatic change-over feature is fitted to 
these pumps, the time interval being considered sufficient to 
enable a change-over to be made by hand. 

Both these pumps are supplied via the unit board. The case 
for supplying one of them via the station board is not as strong 
as with the boiler feed pumps because neither can be regarded 
as a definite standby, and automatic change-over is not fitted. 


(7.3) Boiler Fans 


The normal practice is to install two induced-draught and two 
forced-draught fans per furnace, each working at full load when 
the boiler is at continuous maximum rating (c.m.r.). With 
modern boilers it is possible to run the unit at reduced load in 
the event of failure of one of the fans, although it is anticipated 
that this condition would not be allowed to continue for any 
length of time. 

All fans should be supplied via the unit board. 


(7.4) Milling Plant 


The milling plant usually comprises the mill, primary air fan 
(or exhauster), coal feeder and separator (or classifier). It is 
usual to install one standby mill unit per boiler; for instance, a 
200 MW unit boiler would probably have six mill units, five of 
which would be capable of handling the coal requirements of the 
boiler at c.m.r. 

The milling plant requires more maintenance than any other 
auxiliary in the station, and for that reason the running and 
standby units are frequently interchanged. 

The loss of all the mills would necessitate a shut-down of the 
boiler, but loss of only one mill would merely reduce output. 
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For this reason a strong case could be made for supplying half 
the mills via the unit board and the other half via the station 
board. However, when the economics of such an arrangement | 
are considered, and bearing in mind the added complication to— 
the whole distribution system, on balance it has been found 
preferable to supply all the mills via the unit board. 


(7.5) Electrostatic Precipitator 


The loss of a precipitator has no serious effect on unit output, 
so that its supply is not of such great importance as that to the 
other unit auxiliaries. However, for amenity reasons, and in 
view of the fact that precipitators are in continuous operation 
with the unit, the more reliable unit board supply should be 
given to them. 

(7.6) Cooling Water Pumps i 

The arrangement of the cooling-water system varies in different 
stations, but it is usual to have a bus system. 

With this system the cooling-water intake is taken toacommon — 
chamber whence a number of pumps discharge into a bus main © 
supplying all the condensers in the station. The number of © 
pumps installed is usually equal to the number of turbo-generator 
units, each pump being capable of delivering the required — 
quantity for one unit. 

Since the pumps are common to all the units, consideration _ 
has been given to providing them with an electrical supply from 
the station board. However, because of the vital importance of 
the cooling water to the station output and in preventing plant — 
damage, a separate supply to each of the pumps from the t 
respective unit boards is justified. ¥ 


(7.7) Turbine Barring Gear 


The barring gear is normally motor driven, its function being _ 
to keep the turbine rotor slowly rotating during periods of | 
warming-up and cooling. | 

Since the turbo-alternator is not supplying power to the unit 
transformer whilst the barring gear is in operation, this auxiliary 
is fed from the station supply. 


(7.8) Turbo-Generator Oil-System Auxiliaries 


The auxiliaries fitted to a typical turbine oil-system consist of 
a main oil pump mechanically driven from the turbine shaft, and 
an a.c.-motor-driven full-duty oil pump for starting up and the 
provision of automatic standby. In order to avoid the neces- 
sity of running the full-duty auxiliary oil pump during barring, 
an a.c.-motor-driven flushing-oil pump, capable of maintaining 
the requisite supply of lubricating oil only, is provided. In 
addition, to ensure a supply of lubricating oil in the event of 
failure of the a.c. supply, a d.c.-driven flushing-oil pump fed 
from the station battery is provided, and arranged to cut in 
automatically in the event of oil pressure falling to a specified 
figure. A high-pressure oil jacking pump is usually installed to 
supply oil for lifting the rotors in the bearings in order to reduce 
the starting torque on the barring motors. 

On hydrogen-cooled generators the hydrogen seals are main- 
tained by oil from the lubricating system, but when the unit is 
shut down an a.c.-motor-driven seal-oil pump is brought into 
service. The importance of maintaining the seal is such as to 
warrant a standby d.c.-motor-driven seal-oil pump being pro- 
vided to cover failure of the alternating current supply. 

An oil purifier is connected in such a manner that it can be 
used when the turbo-generator is either running or shut down. 

All these electrically-driven auxiliaries are used either for 
starting purposes or standby duty, the mechanical pump being 
the normal running auxiliary. All the a.c.-driven pumps should 
therefore be connected via the station board. 
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The d.c.-driven pumps, if supplied from the station battery, 
will only protect the unit for as long as the battery capacity 
lasts. With the increase in size of units, consideration has been 
given to providing a standby Diesel-alternator for giving an 
alternative supply to the a.c. flushing pump and seal-oil pump. 
If a Diesel is installed the battery capacity can be reduced and 
the resultant saving in cost could contribute to the cost of the 
Diesel. 

In very large stations it is probable that a Diesel set could be 
justified. 

(7.9) Hydrogen Cooling 
__ The generators of modern units are cooled by circulating 
hydrogen through them, the hydrogen being cooled by passing 
through a water cooler. A closed cooling-water circuit is 
usually provided to ensure that the water passing through the 
water/hydrogen cooler is of sufficient purity. The closed-circuit 
water passes through water/water coolers, the cooling water for 
these usually being supplied from the main cooling-water system. 

Two 100% motor-driven pumps are usually provided for 
circulating the water in the closed circuit, one acting as standby. 
Failure of the normal running pump causes the generator tem- 
perature to rise, but there is sufficient time available to allow a 
change-over to the standby to be made by hand. 

Both these pumps are supplied from the unit board. 


(7.10) Generator Transformer Cooling 


Large generator transformers are usually cooled by the trans- 
former oil passing through oil/water coolers, the water being 
obtained from the main cooling-water system. The oil is 
assisted in its circulation by motor-driven pumps. 

There are usually two 100% or three 50% oil pumps per 
transformer, one acting as standby. The time margins on tem- 
perature rise, on loss of one of the oil pumps, are usually sufficient 
to allow a change-over to the standby to be made by hand, 
but there has been a recent trend towards making the change-over 
automatic. 

These pumps are supplied from the unit board. 


(7.11) General Service Auxiliaries 


The auxiliaries in this group are shown in Table 2. 

The loss of any of these auxiliaries has no. immediate effect 
on station output. In the case of coal and ash plants, coal- 
bunker and ash-hopper capacity normally gives considerable 
time for adjustments to be made in the event of an electrical 
supply failure. 

All these auxiliaries are supplied via the station board. 
Duplicate supplies are provided primarily because of the neces- 
sity for an alternative supply during times of maintenance, 
although, incidentally, the alternative supply would prove 
valuable in certain circumstances such as the failure of a trans- 
former when the coal bunkers were nearly empty. 


(7.12) Lighting and Heating 


It is necessary to ensure that the lighting supply be maintained 
continuously. Two transformers connected via the station 
boards provide the normal supply, each being capable of carrying 
the full load. 

In the event of failure of the Grid supply an automatic change- 
over switch operates to give a supply from the station batteries 
to certain vital lights throughout the station. 


(8) BATTERY SUPPLIES 


The station batteries are used to supply the emergency lighting, 
standby turbine oil-flushing pump, standby seal-oil pump and 
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turbine governor motor at 240 volts; the switchgear tripping and 
closing supplies and the indicator lamps and alarms at 110 volts, 
and communication circuits at 50 volts. 

Where the use of 110 volts for the switchgear-closing solenoids 
will result in excessive voltage drop in the leads, the alternative 
of 240-volt closing solenoids has to be considered, 

The battery rating will depend on the loads to be catered for, 
and as a guide, an emergency lighting period of 3 hours will in 
most cases be required. 

As mentioned in Section 7.8 the possibility of providing a 
standby Diesel supply for the flushing pump and seal-oil pump 
would reduce the battery capacity required. 


(9) THE CHOICE OF VOLTAGE 


The power consumed at large stations is too great to be 
controlled at the normal industrial voltage of 415 volts, and 
3:3kV and 6:6kV have been used, while 11kV has been con- 
sidered. These higher voltages are stepped down to 415 volts 
for the small auxiliaries. 

For units up to 120 MW it has been found that 3:3kV can 
usually deal with the load, but beyond this 6:6kV becomes 
necessary. On economic grounds, 3-:3kV is generally the 
cheaper system up to 120 MW units, but at this size the difference 
in cost is marginal between 3:3kV and 6-6kV, with 6:-6kV 
usually proving slightly cheaper. Appendix 15.2 shows a cost 
comparison based on the connections shown in Fig. 6. For 
200 MW units, 11kV has been considered, but has been found 
to be slightly more expensive than 6-6kV. 

Some years ago certain C.E.G.B. power station plant specifica- 
tions were standardized, and for this purpose it was desirable to 
state which motors should be at 415 volts and which at the 
higher voltage. This problem has to be considered in relation 
to the distribution system as a whole. For instance, there is a 
limit to the amount of load to be put on the 415-volt system, set 
by the switchgear rating and voltage regulation, unless compli- 
cated and expensive subdivision is made. 

An economic investigation coupled with a consideration of the 
above factors led to the adoption of the following standards: 

(a) Where the main voltage is 3-3kV, motors up to 150h.p. to 
be at 415 volts. 

(b) Where the main voltage is 6-6kV, motors up to 300h.p. to 
be at 415 volts. 

It is probable that at present-day prices the 150h.p. figure 
might be raised slightly. 

These values have not been strictly adhered to in all cases, as 
it may be advantageous to go outside the limits in certain 
circumstances. 


(10) SWITCHGEAR 


Air-break and oil-break switchgear are the two main types 
used at the present time. 

Oil-break switchgear has the inherent disadvantage of fire 
risk. Furthermore, it is more difficult to maintain although no 
reliable statistics are available on costs. Provided the capital 
cost differential is small, air-break switchgear is usually preferred. 

B.S.116 gives a wide variety of choice in current and MVA 
rating for oil-break switchgear, but in the design of systems it 
has been found desirable in some instances to go beyond the 
limits of the recommended ratings. Switchgear for use in this 
country is usually manufactured to British Standards and the 
ratings are therefore the same. However, switchgear with 
ratings above those quoted in British Standards are manu- 
factured. There is no comparable British Standard for air-break 
switchgear and the ratings available are not so numerous as in 
oil-break. 

So far, it has not been found necessary to go beyond the limits 
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of 31 MVA at 415 volts, and while there is a switch available to 
deal with a continuous current of 5000amp at this voltage, 
circuits in power stations have not yet reached this figure; 
15-6 and 26 MVA ratings are commonly used at this voltage. 

At 3:3kV the maximum rating of switchgear required has 
been 250 MVA with current ratings up to 2400amp; 150 MVA 
gear is the most commonly used rating at this voltage. 

At 6:6kV, switchgear having ratings of 250 and 350MVA 
with current ratings up to 2400amp is available, and systems 
have been designed to keep within these limits. 

At 415 volts there is the further choice of contactor-type 
switchgear. The short-circuit current of this type of gear is 
interrupted by fuses, the contacts on the gear merely dealing 
with normal load currents. It has the advantage of being 
considerably cheaper than the switchgear which breaks the 
short-circuit current. Its main application has been for smaller 
motors up to approximately 100h.p. 

So far, this range of switchgear has proved adequate for power 
station distribution systems, but 11kV, 350 MVA or 500 MVA 
gear, which is available, may be required for larger units. 

It will be appreciated that this wide variety of choice gives 
scope for considerable economic study in designing the distribu- 
tion system. Appendix 15.3 shows a cost comparison for five 
schemes, based on the connections shown in Fig. 1. 
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(11) ANALYSIS OF LOADS 
The electrical loads of a power station cannot be calculated - 
with precision from pure design data. In the design of new | 


plant, the friction-drop calculations are complex and most |} 


designers tend to install a motor larger than is required in — 
practice, although the margins have been cut down in recent — 
years. Furthermore, allowances have to be made for variations — 
in the type of fuel, and for the condition of the plant after it has — 
been in service for a number of years. A detailed study of this | 
problem is contained in a paper by Kennedy and Hutchinson.* 

The motor ratings as given in the tenders for the various items 
of power station plant are the basis for assessing the load. If 
these motor ratings are reduced by 10% this usually gives a 
reasonable estimate of the load. As a check against this, 
calculations can be made from mechanical data in arriving at | 
horse-powers. 

Operational statistics of plant already in service can be a 
useful guide in assessing loads, and by extrapolation can be used 
for initial design study before tenders are received. 

The following estimates are based on a station comprising 
five 200 MW units. 


A detailed analysis of the unit load is given in Table 1. This 


* KENNEDY, G. F., and HutTCHINsoNn, F. J.: ‘Power Station Auxiliary Plant’, 
Proceedings of The Institution of Mechanical Engineers, 1956, 170, p. 341. 


Table 1 
Unit LOADS 


Motor rating C.M.R. loading Starting load 
Service 
Volt : Pp Full-load i i 
use| pap. | | tiene’ | Foyer | Eelblond ayn] Meesbe of, Meceateeah eee aaa 
ie i volts % amp kVA kVA kVA 
-D. fan HLS. 6 600 2140 94-8 0-89 165 1890 

LD. fan LS, f '¥° Speed 6600 | 1090 94-3 0-83 91 1040 2 1872 2 940 
F.D. fan : 6 600 662 94:5 0:9 50:5 SS! 2 1035 pA 510 
Gas recirculation 6 600 412 94 0:9 S15 360 a 648 —_ oe 
Exhauster 415 440/130 90 0-88 576/165 | 414/119 5 1400 1 280 
Mill 415 00 93-5 0-89 374 269 5 1209 1 242 
Coal feeder 415 |3-3/0°52| 64 0:8 6-1 4-4 5 20 1 4 
Separator ; 415 8/7 75 0:9 21°7 20 5 90 1 18 
Air-heater oil pump 415 1 78 0-76 Leis) i-3 fa 2 2 2 
Air heater 45 415 10 87 0-83 14:5 10-4 2 18 2 18 
Boiler circulating water 415 240 94 0-89 290 208 3 560 3 350 
Dust extraction booster 415 10 87 0-83 14-4 10-4 8 aie 4 36 
Precipitator a 415 ~ — — —_ 120 1 120 1 120 

Total for boiler 7046 2 520 
Extraction pump 415 245 93 0-88 305 220 
Q.S. air pump . 415 160 93 0-85 198 142 RS fe i 130 
Air pump : 415 125 92 0-9 155 12 3 302 2 200 
Hydrogen cooling- water pump 415 DTS 87°3 0:88 37 26:6 1 24 1 24 
Hydrogen seal-oil pump 415 vES 87 0-84 ii 8 — — 1 5 
Transformer oil pump 415 6 81 0-9 8-5 6 Dy 10 2 10 
Main oil pump 415 110 89 0-91 131 94 a — 1 82 
Jacking pump .. 415 Wes) 85 0-74 12=5 9 — _- 1 9 
Barring gear 415 25 88 0-86 34 24°5 — _ 1 22 

Total for set 534 683 
Boiler feed pump 6 600 6150 97°5 0:91 451 
Boiler feed booster 6 600 1575 96:8 0-9 118 i oo ide ‘ ie 

Total for boiler feed 5850 5 000 
C.W. pump 6 600 2350 96:3 0:87 184 2100 1 1890 1 1890 

Total for unit 15320 10093 


i 


ndicates a load of approximately 15 MVA, i.e. approximately 
757% of unit capacity, which compares with the 4-6:5% 
ybtained in practice at stations of a lower unit capacity at present 
n service. These estimates are primarily made for assessing the 
ransformer size; hence there may be a tendency to err on the 
side of over-estimating and it is probable that the figures would 
se reduced in service. 

In assessing the size of the unit transformer to carry this load, 
ullowance must be made for later variations in the design of 
he plant, changes in the conditions of the plant, variations in 
uel and errors in estimating. For the station under con- 
sideration, 17-5 MVA was chosen, giving an adequate margin 
or these variations. 

The station transformer has imposed upon it the loads for 
starting-up units, the general services load and the standby 
oads, and its total load is more difficult to estimate. 

Table 1 gives the estimated starting load of one unit, while 
Fig. 3 shows it in graphical form. It will be noticed that a peak 
starting load of 10MVA has been estimated, which is 65% 
of the estimated full load. The graph shows the starting 
procedure for a cold start; a hot start would have a much reduced 
ime scale. When starting more than one unit it is possible to 
prevent the peak loads coinciding if a time lag is made between 
starts. 

The general services load, which will be different for every 
station, is shown on Table 2. Coal- and ash-handling plants, 
or instance, differ considerably, and attempts to obtain empirical 
formula in terms of kilowatts per ton of coal can be misleading. 
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The only satisfactory way of assessing the load is to examine each 
item of plant and its method of operation. 

Table 3 shows the loads imposed on one station transformer. 
An assessment of these figures gives a guide to the size of the 
station transformer to be chosen, but there are other factors 
influencing this decision, as will be made clear in Section 12. 
A size of 22-5MVA was chosen, and this will meet most of the 
conditions of load in Table 3 if advantage is taken of the over- 
load capacity of the transformer. 

It should be noticed that the loads in Table 3 could be reduced 
if the standby boiler feed pump load were transferred to the 
unit transformer as soon as it was in operation. The load 
shown as 10 MVA for starting a unit is a maximum, this maxi- 
mum lasting for approximately 14 hours for a cold start, but 
approximately 30 minutes for a hot start. The figures in 
Table 3 take no account of the possible reduction in load due to 
time-lagged starting of units. 

The most onerous conditions arise when one station trans- 
former is out of service and the other is carrying the c.m.r. 
load of a unit plus the starting load of another unit, i.e. condi- 
tions 11 and 13 in Table 3. In these emergency circumstances 
it would be possible, if necessary, to arrange for some of the 
general service load to be shed. Statistically, this condition 
will rarely arise in practice. It will be appreciated that under 
normal conditions there would be two station transformers 
available, so that there would be no difficulty in meeting all 
the loads shown in Table 3, and the system could start up four 
units simultaneously. 


Table 2 
SERVICE LOADS: ESTIMATES FOR TRANSFORMER LOADING 


5 aa Maximum load | Normaltoad | tramsfgrmerioading | with diversity 
kVA kVA kVA 
Ash Plant .. 2100 2.000 2100 
Coal Plant .. 1800 1500 1500 
Boiler House 
Valves re ors ty SoH 250 0 40 
Oil ich a z A ae bts ae . a, 
Oil lighting-up plant ae 
Oil tank heaters. . a Pe 900 0/300 300 
Chemical injection eh Ae wt 50 0 10 
Boiler control air supply is es 90 90 90 
Drains ay es = 15 0) 15 
Turbine House 
sain oe ae oh BE ae 350 60 150 
Turbine oil syste aA aa As 40 30 a 
Fire protection plant : ae 120 0 oS 
Chlorination plant ne sh ni 27 0/27 
Valves“ i: i oe os ne 50 0/50 20 
Evaporator plant a we a 60 60 a 
De-aerator heaters (off load) = 250 0 4 
Lifts Ar oe Ae bie na 60 30 3 
Cranes .. ie a8 a a 280 (0) 100 
Water Treatment Plant 
General auxiliaries se st ere 85 = = 
Crane nd ce Smee th ee a 26 
River-Water Make-Up Pump House 
Screens and pumps * ae 330 na ap 
Crane ee oe ae i ms 35 
Cooling-Water Pump House 
Valves Re ae we a? re . a 
Grane, =. es si a ys 
Lighting and Heating he ae 300 150 ri 
Canteen Ate ae 320 250 
Motalev. z Be ie - 7980 4832 5877 
ee aa EEE 
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Conditions postulated 


General services 
Start No. 1 set on station 
transformer 


General services 

Run No. 1 set on unit 
transformer 

No. 1 set standby b-f. 
comes in 


General services 

Run No. 1 set on unit 
transformer 

Start No. 2 set 

No. 1 set standby b. f 

comes in 
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Table 3 


200 MW Units: LOADING AND VOLTAGE-DRoPp CONDITIONS 


Normal loads 


Total 
MVA 


15 


0:85 p.f. 


15 
-85p.f. 


101 


Boiler feed pump: motor-starting condition 


Conditions postulated 


General services 

Start No. 1 set (without 
b.f.) 

Start No. 1 b.f. 


General services 
No. 1 set standby bf. 
comes in 


General services 

Start No. 2 set 

No. 1 set standby bf. 
comes in 


General services 

Run No. 1 set on unit 
transformer 

Run No. 2 set on unit 
transformer 

No. 1 or No. 2 standby 
b.f. comes in 


General services 

Run No. 1 set on unit 
transformer 

Run No. 2 set on unit 
transformer 

Start No. 3 set 

No. 1 or No. 2 standby 
b.f. comes in 


General services 

Run No. 1 set on unit 
transformer 

Run No. 2 set on unit 
transformer 

Run No. 3 set on unit 
transformer 

No. 1, No. 2 or No. 3 
standby b.f. comes in 


5 
85 p.f. 


15 
“85 p-f. 


5 
*85p.f. 


104 


General services 
Standby b.f. 


General services 
Start No. 3 set 
Standby b.f. 


General services 
Standby b.f. 


Steady load after starting b.f. 


Total 


%o 


MVA| mVA_ | Volts 


|e | 


5 
B27 


5 
Bee | 


5 
10 
S23 


5 
10 
3225 


6) 
3225 


36 
0-33 p.f. 


44-5 
0-47 p.f. 


44-5 
0-47 p.f. 


36 
0-33 p.f. 


86 


89 


86 


89 


Conditions postulated 


General services 
Start No. 1 set 


General services aus 
No. 1 set standby b.f... 


General services 
Start No. 2 set 
No. 1 standby b.f. 


Total 
MVA| wvA 


5 15 101 

10 |0-85p.f. 

5 | 10-9 f 
5-9 |0-85p.f.| 102 

5 

10 | 20-9 |99-5 

5-9 |0-85p.f. 


General services 
Standby b.f. 


General services 
Start No. 3 set 
Standby b.f. 


General services om 
Standby bf. .. aie 


Run No. 1 set on station 


Run No. 1 set on station 


General services 5 General services 5 General services 
Start No. 1 set 10 Pus 98 | Start No. 1 set 10 49 84 | Start No. 1 set 
Start No. 2 set 10 |0:-85p.f. Pee No. 2 set (without >) | O:Si pe. Start No. 2 set 
Start No. 2 b.f. 32°5 
General services a 5 General Services 5 General services 
Run No. 1 set on unit Start No. 2 set 10 Start No. 2 set 
transformer Start No. 3 set 10 SBIDS) Start No. 3 set 
Start No. 2 set 10 25 98 | No. 1 standby b-f. 32-5 |0-54p.f.| 82 | No. 1 standby b.f. 
Start No. 3 set 10 |0-85p.f. 
No. 1 set standby bf. 
comes in 
General services 5 General services 5 General services 
Start No. 1 set 10 Start No. 1 set 10 Start No. 1 set 
Start No. 2 set 10 35 93-5] Start No. 2 set 10 58 80 | Start No. 2 set 
Start No. 3 set 10 |0-85p.f. San as 3 set (without 5 |0:57p.f. Start No. 3 set 
Ait 
Start No. 3 b.f. 32:5 
General services Z 5 20 100 | General services ; 5 20 100 | General services 
Run No. 1 set onstation | 15 |0-85 p.f. Run No. I set onstation | 15 |0-85 p.f. 
transformer transformer transformer. 
General services 5) General services 5 General services 
Run No; 1 set onstation | 15 en Run No. 1 set onstation | 15 Be) 82 
ransformer transformer 3 |0:52 psf. transformer 
Start No. 2 set 10 |0-85p.f.| 96 au No. 2 set (without Start No. 2 set 
Start No. 2 set b.f. 


10-9 102 


0-85 p.f. 


5 
10 20-9 | 
5-9 |0-85p.f. | 99°35 [9 


10-9 


0-85p.f.| 102 


5 
10 25 
10 |0-85p.f.| 98 


5 

10 

10 30°9 
5-9 |0-85 p.f. | 95-5 

| 

5 

10 

10 35 93r5 
10 |0-85p.f. 

5 20 

15 |0-85p.f. 

5 

15 30 : 

0-85 p.f. 
10 


[continued on next page 
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Table 3.—continued 


ree eerie 2 ee ee ee a i iio! es 


Normal loads Boiler feed pump: motor-starting condition Steady load after starting b.f. 
Conditions postulated 
MVA tery Conditions postulated MVA Total 7% Conditi actl % 
olts MVA | Volts onditions postulated MVA MVA_ | Volts 
General services 5 Gener: i eh 1 ie 
er ‘al services Ye 5 General services os 5 
Ss Aa — on station | 15 100 | Run No. 1 set onstation | 15 84 | Run No. 1 set onstation | 15 
me Neo on eer . oe ; pees ree 49 transformer Pye) 
ae p.f. o. 2 standby b.f. set S29) ||O'O) put, No. 2 standby b.f. coh O29) | O-85: pst 97s: 
No. 2 set standby b.f. 
comes in 
General services 5 General servi i 
ee ces Se 5 General services ar 5) 
Saas 1 set on station | 15 4 Run No. | set on station | 15 Run No. 1 set on station | 15 
af < es ; transformer transformer 
ae mene on unit . = F 96 Sek 3 set ~ 10 58 80 | Start No. 3 set a 10 35-9 
Bea tas . 4 p.f. o.2 standby b.f. .. |32:5/0-57p.f. No. 2 standby b.f. .. | 5:9 |0°85p.f.| 93 
No. 2 standby b.f. comes 
in 


Note 1. Loads are imposed on one station transformer, 22:5 MVA rating. Loads estimated at 6:6kV 
Note 2. The voltage drops are based on a no-load voltage of 7kV on the station transformer and no tap-change. 
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Fig. 3.—Design estimates for 200 MW unit cold start; voltage drop and loading diagram. 


Time Time 

(1) 0000 General services. (19) 0306 Boiler-feed pump off. 

(2) 0000 Boiler feed pump. (20) 0307 Q.S. air pump. 

(3) 0010 Boiler feed pump off. (21) 03073 No. 1 main air pump. 

(4) 0011 No 1 boiler circulating pump. (22) 0308 No. 2 main air pump. 

(5) 0012 I.D. fan ‘A’. (23) 0309 Extraction pump. 

6) 00124 I.D. fan ‘B’. (24) 0310 Jacking and barring off. 

(7) 0013 F.D. fan ‘A’. (25) 0311 Machine rolling on steam. 

(8) 00134 F.D. fan ‘B’. (26) 0312 Q.S. air pump off. 

(9) 0015 Oil burners. (27) 0330 Boiler-feed pump. 
(10) 0100 Precipitators. (28) 0429 Auxiliary oil off. | 
(11) 0100 No. 1 mill group (if coal used for starting). (29) 0430 Machine synchronized. F 
(12) 0130 C.W. pump. Machine loaded at 4 MW/min. 
(13) 0200 Jacking pump. (31) 0500 Station and unit transformer paralleled. 
(14) 0201 Turbine main oil pump (a.c.). (32) 0501 Station transformer off load. 
(15) 0202 Barring gear. (33), (36) Nos, 2-5 mill groups. 
(16) 0203 No. 2 boiler circulating pump. (37) Machine increasing load. 
(17) 0255 No. 3 boiler circulating pump. (38) Machine full load. 


(18) 0256 Boiler-feed pump. 
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Fig. 4.—Torque/speed and current/speed curves for boiler 
feed-pump motors. 
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As regards the voltage drop, the figures are based on the normal 
tapping of the transformer, and the tap change could normally 
be used if any difficulty arose with low voltage. 


(12) PARAMETERS OF SYSTEM DESIGN . 
| 


The design of the distribution system requires the integra- 
tion of a number of factors already discussed, namely choice 
of voltage, switchgear rating, loads, voltage regulation and 
economics. 


As a basis for the design, the following points need to be 
borne in mind: 


(a) The system should be as simple as possible. Complication 
makes the system less reliable in operation, especially in an 
emergency. 

(6) As far as possible it is desirable to use standard equipment. 
Non-standard equipment is expensive and untried in service. 

(c) Voltage drops due to the starting of motors should not be 
greater than 20% of rated voltage. It might be permissible to 
allow the voltage to fall slightly below 80% of the rating in special 
circumstances, but this requires careful consideration. 

(d) For purposes of calculating the short-circuit level, two con- 
ditions of operation are considered: paralleling of one unit and one 
station transformer and paralleling of two station transformers. 


To illustrate these various factors a station comprising five 
200 MW units is considered below. 

An examination of the loads shown in Table 3 indicates the 
choice of 6-6kV as the voltage, with a station transformer of ' 
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Fig. 5.—Auxiliary power connections: 2 x 550 MW units, 
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Fig. 6.—Connections for 5 x 120 MW station. 


(a) Schemes 1 and 2, 3-:3kV. 
(b) Schemes 3 and 4. 6-6kV. 


22-5MVA: 11kV is ruled out both on economic grounds 
and because of the possibility that motors at 6:-6kV might be 
more reliable than at 11kV. At 3-3kV the current would be 
excessive. 

Considering the short-circuit rating of the 6°6kV switchgear, 
250, 350 and S500MVA are available in standard ratings. 
250 MVA is eliminated because of the large voltage drop caused 
by high-reactance transformers needed to keep the short-circuit 
level down to 250 MVA. 500 MVA is eliminated because of the 
high cost. (See Appendix 15.3 for costs.) 

With 350 MVA switchgear it is necessary to introduce a reactor 
between the transformers in order to reduce the transformer 
reactance and at the same time limit the short- circuit level to 


350 MVA. 


The importance of reducing the transformer reactance, and 
hence the voltage drop, is illustrated in Fig. 4. This shows the 
starting characteristics of a typical boiler feed pump, where it 
will be noticed that the margin between the motor torque and 
pump torque is very small at 80% voltage. Low voltage has the 
effect of increasing the starting run-up time of the pump, and it 
is important to keep the run-up time as short as possible because 
of the time margin of the boiler drum capacity. 


(13) FUTURE DEVELOPMENTS 
As far as auxiliary power systems are concerned, power 
stations are likely to develop in the direction of larger conven- 


tional units and nuclear power. 
As regards larger units, the main problem will be in dealing 
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with boiler feed pumps. Present designs indicate that the 
normal-running boiler feed pump will either be driven from the 
main shaft of the turbo-generator or separately steam driven, 
leaving only the standby to be dealt with by the electrical system. 
For units above 200 MW, 11kV appears to be the most suitable 
voltage because of the large auxiliary loads. A scheme for a 
station comprising two 550 MW units is shown in Fig. 5. 

As far as can be seen, nuclear stations will present no serious 
problem to the electrical system designer, except perhaps in 
giving adequate standby supplies to vital circuits. There may 
also be problems associated with the very large fans which 
circulate the coolant gas. The unit transformer principle has 
been applied for current designs. 
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(15) APPENDICES 


(15.1) Cost Comparison: Shaft Generator and Unit Transformer 
Capital Cost: Shaft Generator. 


Cost of 15 MW shaft generator complete 
with exciter : 

Extra for building and foundations 

Less saving due to reduction in capacity of 
main generator A .. 25000 

Total capital cost of shaft generator scheme 31500 
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Capital Cost: Unit Transformer. 
Cost of 17-5 MVA transformer 16°5/11kV 16000 


Difference in Capital Cost .. 
Assume 60°% load factor and 0-5d per unit 


Losses = kW xX hours in year x load 
factor X unit cost x efficiency 


loss 


= 15000 x 8760 x 0-6 x 0-5/240 


x efficiency loss 
= 164500 x efficiency loss 
Saving on main generator, 
164500 x 0-015 
Loss on shaft generator, 
164500 x 0-035 
Total loss, 5760 — 2470 
Loss on unit transformer, 
164500 x 0-01 
Difference in losses 


Overall Saving. 
In favour of unit transformer scheme 


Capital saving 
Saving due to losses 


. £15500 


£ per annum 
. 2470 


5 760 
3290 


ree >) 
1645 


(15.2) Cost Comparison for a 5 x 120 MW Station 


Scheme 1 
3-3kV 250MVA 
3-3kV 1SOMVA 

Air-break gear 
41S V 30MVA 


£ thousands 
Switchgear 
Transformers 

Cables 

Motors est 
Fire-fighting .. 
Reactors 

Total capital . 

Losses 

Total, capital a. losses 
Difference A 


Percentage difference — 


Scheme 1 
6:6kV 350 MVA 


Scheme 2 
3-3kV 250MVA 
Air-break gear 
3°3kV 1ISOMVA 
Oil-break gear 
415V 30MVA 


Scheme 3 


6-6kV 250 MVA 


Air-break gear 
41SV 30MVA 


£ thousands 


Schenie 3 
11kV 350MVA 


£ thousands 


Schemie 4 
6-6kV 500MVA 


Scheme 4 
6-6kV 250MVA 
Oil-break gear 
415 V30MVA 


£ thousands 


Scheme 5 
11kV 500MVA 


415 V 15 and 30 MVA 


415 V 15 and30 MVA 


Switchgear 
Transformers 
Motors 
Cables 

Total 
Difference 


Percentage difference 


£ thousands 


448 
284 
1001 
119 


415 V 15 and 30 MVA 


415 V 15and30MVA 


£ thousands 
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300 
1060 
107 
1925 
apie 
apa) 


a a 


£ thousands 


£ thousands 


415 V 15 and30 MVA 


£ thousands 


Bear R. O. Kapp: The term ‘auxiliaries’ might convey to 
€ uninitiated the notion that they are a relatively unimportant 
part of a power station, and since they consume at most only 
4 70 of the station output, this false impression might be con- 
d. The extent of its falsity is realized when one examines 
ona layout drawing the floor space occupied by auxiliaries, 
considers the amount of attention that has to be given by the 
designer to their choice and planning, or remembers that they 
provide the majority of problems of operation and maintenance. 
_ The care taken to keep the consumption of auxiliary plant low 
‘reflects the meticulous attention given to economics in the 
electricity supply industry. When-a station engineer is con- 
cerned with his costs per kilowatt-hour, he is hardly interested 
in the first or second, or even perhaps the third, significant 
figure of that cost. He knows it already without looking up 
‘the records. He is interested in that small fraction of 1% by 
which the costs can vary with controllable conditions. 
_ Electricity costing has become such a fine art in comparison 
‘with other industries because electricity is a comparatively simple 
commodity; furthermore, for more than 60 years some of the 
best engineering minds in electricity supply have been given to 
problems of cost accounting. There was a time when The 
Institution had a paper nearly every year on this subject and 
“we are now reaping the benefit of this work. It is the addition 
of many small fractions of 1%, painstakingly saved, that has 
caused the cost of electricity to be reduced steadily relative to 
that of other commodities. 

I welcome the author’s advocacy of the station-transformer 
scheme. When one is seeking small economies one must con- 
‘sider carefully the size of the station transformers, and remember 
that the capital cost of excess transformer capacity is not the 
whole, or even the largest part, of its cost. The largest part is 
the capitalized cost of the iron losses, which occur at 100% load 
factor. 

In a power station with five 200 MW units, the rating of the 
station transformers is determined by the number of sets that 
have to be started simultaneously. The unit transformer is not 
energized during starting and so the auxiliaries for that set must 
be supplied by the station transformer; in the interest of small 
economies it is therefore necessary to consider how many sets 
need to be started simultaneously. The rate at which the station 
is going to be extended to its full capacity may determine the 
number of station transformers, and with 200 MW sets the 
interval between commissionings is likely to be rather long. 
But one needs a station transformer and a standby for the very 
first set; if these two suffice for the ultimate size of the station, 
this may provide a wasteful excess capacity until the time comes 
to start up two sets simultaneously. So it would seem worth 
considering whether, instead of having two station transformers 
with 100% standby, it would not be better to have three station 
transformers, with 50°% standby, of which two only would be 
installed initially. 

The requisite amount of standby auxiliary plant depends on 
the reliability of the items in question. Records covering only 
those failures that result in curtailment of supply are no measure 
of this reliability. Additional information about failures that 
do not result in curtailment is needed and would make it possible 
to assess the optimum standby capacity more accurately than 
can be done to-day. 

Lastly, I should like to ask about the method of using station 
transformers that seems to be developing in the United States, 
called ‘quick switching’. Its purpose is to save rupturing 
capacity of switchgear, which it does by switching one board off 
before switching the other one on. This strikes an old-fashioned 
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engineer like myself as a terribly crude method. However, if 
it is done, it must work. What does the author think about the 
method? So far as I know, it has hitherto been employed in this 
country in oil refineries only. 

Mr. C. Bottrell: The paper is really only concerned with coal- 
fired stations. There is no reference to oil firing and only the 
most cursory reference to nuclear power stations. 

The information on station loads is extremely useful, and 
when taken as a supplement to that contained in the paper by 
Kennedy and Hutchinson, * is a valuable addition to the informa- 
tion we have on auxiliary loadings, of which there is insufficient 
published. It is, of course, of great assistance to station 
designers. 

In Section 5 reference is made to the need for ensuring that 
circulating currents are kept within the operating limits of the 
transformer circuits when sections of the Grid are paralleled to 
the low-voltage switchgear. It would be useful if the author 
could give some indication of the order of phase-angle one 
might get across sections of the low-voltage switchgear in 
practice in certain installations. 

Regarding the arrangements for supplies to extraction pumps, 
there might be a good case for an automatic feature for the 
change-over of the extraction pumps in the event of failure of 
the main pump. 

The author refers to the provision of a standby Diesel- 
alternator for giving an alternative supply to the a.c. flushing 
pump and seal-oil pump. Surely two sets would be required 
in practice, one to cover the other in the event of breakdown? 

One important difference in the conditions for nuclear stations 
is that we have not reached the stage where a strictly unit supply 
scheme. could be adopted. Due to various limitations, the 
number of boilers in relation to the reactor and the number 
of turbines is somewhat different. We have a multiplicity of 
boilers and turbines for a single reactor. 

There are two very good reasons why the supplies at a nuclear 
station should be even more reliable than the more conventional 
station supply. One is the consideration of safety from the 
aspect of nuclear hazards. The other is the fact that once the 
reactor has been tripped out, it takes many hours longer to get 
back into service than a normal conventional station. 

Mr. W. N. Waggott: During the past 40 years I have specified 
the unit-transformer scheme for more than 50 generating stations. 
It is applicable to generators of any rating. The association of 
a generator with a boiler as a unit is ideally served by the scheme, 
and its use in modern stations is the logical continuance of 
proven practice. 

The variation in Fig. 2(a) is incomplete. The boards should 
be interconnected, thus providing standby supplies. This scheme 
is attractive for stations with machines of medium rating and 
switching at high voltage, with the cost of providing station 
transformer circuits unduly high. It was first applied by me 
over 30 years ago, and has been used recently in a station 
containing four 30 MW generators with 132kV switching. 

The voltage for large motors has occasioned much debate: 
for 60 MW generators, 3-3kV has sufficed, while for 120 MW 
generators I favour 6-6kV. For 200 MW generators and above 
I recommend three supply voltages, namely 415 volts for small 
motors, 3:3kV for medium motors and 11 kV for large motors. 
Motor windings and terminal arrangements must be robust. 
This places a lower limit on the rating for any voltage. Some 
of the recent breakdowns in 3:3kV motors in generating stations 
might be associated with failure to observe this requirement. 


* Kennepy, G. F., and Hurcuinson, F. J.: ‘Power Station 75 Wins Plant’ 
Proceedings of The Institution of Mechanical Engineers, 1956, 170, p. 341 


464 DEWISON: ELECTRICAL SUPPLIES TO POWER STATION AUXILIARIES: DISCUSSION 


Experience indicates the necessity for substantial d.c. supplies 
for a period longer than batteries could cover. A number of 
modern stations have been equipped with Diesel-driven d.c. 
generators for emergency duties. 

When planning auxiliary supplies, there should be close 
collaboration between mechanical and electrical interests. The 
rating of electrically-driven auxiliaries must be kept within 
bounds. Steam drive, preferably from the main turbine through 
a fluid coupling, is advisable for the normally running feed 
pump. Electrically-driven feed pumps should not exceed half 
rating. 

Mr. F. J. Hutchinson: The arrangement and design of main 
and secondary auxiliary cables becomes very important as 
auxiliary powers and voltages continue to increase. 

Several motor terminal-box explosions have occurred recently 
which originated as phase or earth faults, probably due to damp- 
ness resulting from repeated condensation. Explosions occurred 
because the terminal boxes had not been designed on a rupturing- 
capacity basis. 

Low currents which result from high voltages for compara- 
tively small motors produce cables of small cross-section when 
design is based on purely thermal considerations. These cables 
have very low heat inertia under transient conditions and burn 
out much more rapidly than cables designed for the rupturing 
power which is released under fault conditions. 

A suggested design time-grading of rupturing power from the 
switchgear through the cable to the motor is as follows: 


System voltage he -» 3°3KV, 6°6kV 
Design rupturing capacity . .. ISOMVA, 350MVA 


Busbars, including top connections "3 
Switch cable box and cable : 
Motor terminal box 
Motor terminal boxes for 3: 3kV and higher voltages must 
also be designed to withstand the energy released under short- 
circuit conditions. Furthermore, to avoid repeated conden- 
sation they should be air-tight on the motor end-connections 
side, on the cable tails-entry side, and from the front where the 
cover is detachable for access. Barriers should be provided 
between studs or other phase connections. 
Mr. A. Abbott: I think the title of the paper should have been 
‘Electrical Supplies to Auxiliaries in Power Stations with Large 
Machines’. 
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Whilst 200 MW machines and above may become standard 
in this country, smaller sets will still be supplied abroad. Hence: 
some views expressed in the paper could be misleading. Cannot 
the scheme shown in Fig. 2 be applied to larger machines 4 
Staff who have served at Meaford inform me that this schemes 
is simpler to operate than others used in this country. 

The most reliable supply of electricity at power stations con- 
nected to the Grid is from the Grid. Alternatively, for standb 
purposes a lower voltage supply from the local Area Board 
could be installed, as at Meaford. 

The generator switch could take the form of a remote-operated} 
low-load making isolator of adequate current-carrying capacity 
and mechanical robustness. 

Applying this scheme to Fig. 2(b), the omission of foul 
132/3-3kV station transformers, two 132kV Grid switching bays: 
and interconnecting cable, 3-3kV station and starting boards, 
plus the saving in civil costs at the station and Grid substatiom 
would yield about £500 000. 

Referring to switchgear, about 40% of the total cost of aj 
modern power station is for civil works. If 0-03-0-05% repre 
sents the capital cost of the 3-3kV auxiliary switchgear, it iss 
sensible to install air-break switchgear at a wider cost differential 
compared with oil-break, even though it saves only 0-5% of the: 
overall civil costs, remembering that fire-segregation walls, oi 
soakaways and special fire-fighting equipment are not required 
with air-break switchgear. 

Finally, the auxiliary load for a station as shown in Fig. 1 
represents the peak load of a moderate sized town, except that 
it is contained in a building about 400 yd x 30yd. 

It might be a good thing if the advice of distribution engineerss 
was sought in the early design stage. 

Mr. F. H. E. Myers: The author mentions that operationa 
statistics of plant already in service can be a useful guide in 
assessing loads. I have analysed the statistical returns for the: 
stations of the Central Electricity Generating Board for the year 
ending Ist April, 1957, and have found that the auxiliary power 
is about 4% for the smaller stoker-fired stations, and abouti 
6-7 % for the larger pulverized-fuel-fired stations, depending oni 
the loading programme. Some stations with unusual operating? 
conditions have higher consumption of auxiliary power. 

Fig. A shows two curves which represent the mean of a large: 
number of points obtained by plotting auxiliary power against! 


AVERAGE LOAD AS °%o OF MAXIMUM CAPACITY OF STATION 
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AUXILIARY POWER %o OF UNITS SENT OUT. (DATA FROM STATISTICAL RETURNS) 


Fig. A.—Auxiliary power percentage versus average load. 
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average load taken as a fraction of maximum possible output. 
_As these curves tend to assume hyperbolic shape over the working 
Tange, several other charts were plotted separating out the types 
-and sizes of station. 

Fig. B is a summary chart which illustrates a first-approxima- 
tion straight-line law between auxiliary power consumption and 
the reciprocal of the average load, for different sizes of stoker- 

fired and pulverized-fuel-fired power stations. 

From test data, and from known parameters of plant, I have 
calculated the auxiliary power for a 200 MW unit to be 6-75 %, 
assuming 100% plant utilization. The paper mentions 

15-5MVA, i.e. about 13-5MW when allowance is made for 
the power factor of the various motors, and this is 6-75% of 

200 MW. If the plant is operated at a mean load of 90% of 

its maximum possible output, then the auxiliary power will be 

about 7:5 %, i.e. 6:75 divided by 0-9 according to the ‘reciprocal 
law’. 

It ought to be explained that this figure of 7-5% applies to 
a non-reheat plant. For single reheat, it is found that the gain 
in output is, say, 6% for the same feedwater pumping power, 
and this would therefore reduce the auxiliary power when 
expressed as a percentage of total output, so that it is likely 
that the figure of 7% will be attained. 

Fig. B affords an explanation of the author’s statement that 
the electrical load required for running a station is of the order 
of 4% to 7% of the station output, when considering the diverse 
types and sizes of stations. 

In Table 1, the estimated figure for power required by 
the milling plant and exhauster, which works out at about 
27kWh/ton of coal, seems a little high. I have found the mean 
value for this type of plant to be 23kWh/ton, while the mills 
using primary air fans take about 18 or 19kWh/ton. Tube 
mills take 30-35 kWh/ton. 

In Table 2, the estimated power for coal and ash handling 

-works out at about 3-4 and 4-6kWh/ton of coal, whereas I have 
had figures of 1-2kWh/ton with about 500 ft of conveyor. 

It is interesting to see how close the economic comparison is 


6 a 8 9 1Ox 
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Fig. B.—Auxiliary power characteristics for non-reheat coal-fired power stations. 
R = River-water cooling. 
S = Sea-water cooling. 
T = Cooling towers. 


between 6:6 and 11kV switchgear (schemes 1 and 3 of 
Section 15.3). I believe air-blast 11kV switchgear is available, 
and I would like to know whether this has been considered, as 
it seems to have the advantage of simplicity and reliability, and 
is not subject to fire-risk attributable to oil-break gear. 

The author mentioned the use of contactor-type gear for 
motors up to 100h.p. Are these restricted to ‘service’ motors, 
because it seems to me that air-break switchgear should be used 
for the urgent auxiliaries of small rating at low and medium 
voltage. Contactor gear would be suitable for sequence-control 
interlocking for such items as conveyor drives. 

It is mentioned that it may be permissible for the voltage to 
drop to 80% of its normal value in special circumstances. Does 
this mean that the motors are automatically switched off if the 
voltage falls below this value? If so, is thought to be given to 
auto-reclose features associated with time lag to overcome tem- 
porary voltage depression or transient fault conditions to improve 
continuity of supply to urgent auxiliaries? 

Mr. S. A. Clarke: The fundamental principle of the unit 
transformer scheme is that there can be no half-measures: one 
either adopts the principle rigidly or not at all. It is no good 
trying to cheat oneself into believing one has a unit scheme if 
interconnections are added later. Those who are not engaged 
in station design may fail to appreciate the temptation to do so. 
It is brought about by the present rapidly increasing size of sets 
after an initial post-war pause at 60MW. The electrical 
auxiliary system is designed at a very early stage of the pro- 
gramme, so that, if it is decided later to change the size of sets, 
reinforcement of the auxiliary system often becomes necessary 
and interconnection offers a solution so long as the short-circuit 
capacity of the switchgear is not exceeded. 

A variation of the starting board scheme in Fig. 2(b) has 
recently been used in a station in the London Region. If double 
busbars are used or a bus cable is put between the starting 
and running boards in Fig. 2(6), the transformer arrangement 
becomes more flexible. The extra cost of double-busbar switch- 
gear must, however, be set against the greater flexibility. The 
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disadvantage of the scheme shown in Fig. 2(b) is that two of the 
station transformers are not used except at starting. 

Prof. Kapp suggested that some consideration should be given 
to the question of iron losses by reducing the standby capacity 
of the station transformers. If all the transformers can be used 
for starting and running, the problem is simplified. 

I would support Mr. Abbot in making use of Area Board 
supplies. These are required during construction and, with care, 
can be incorporated into the final design. 

Are the prices of switchgear given in Schedule 15.3 based on 
air or oil break? It would be useful to have figures correspond- 
ing to those for the specified type of switchgear in Schedule 15.2. 

Mr. J. E. Stubbs: The recent change in this problem has been 
one of scale brought about by the increase in size of the generating 
units. The fundamental switchgear problem is not new; it is 
still how to handle economically the heavy load and short-circuit 
currents involved. The solutions are increase in switching 
voltage and sectionalization. 

Until recently, 3:3kV has been adequate for primary dis- 
tribution, but now 6:6kV, and even 11kV, are necessary. At 
11kV, however, the minimum economical motor size is around 
1000h.p. so that double transformation is required, with an 
intermediate voltage of 3-:3kV. 

Sectionalization is inherent with unit transformers where each 
generator independently supplies its own essential auxiliaries. 
As the transformer size increases there is the possibility of 
carrying sectionalization a stage further by providing two 
secondary windings, each of half rating. These then feed 
independent unit boards with the auxiliaries distributed between 
them. Boiler feed is provided by two pumps, one on each 
board. The standby is 50%, as distinct from 190%, obtained 
from a third unit on the station board, arranged to replace 
automatically either normal pump in emergency. Duplicate unit 
boards can reduce fault-level and eliminate heavy-current inter- 
connectors. For circuits above 2kA, two circuit-breaker 
equipments of half-rating may still be cheaper than one for 
full-load; cables have to be run in parallel in either case. 

For the station transformers, such a division of secondary 
windings is economically impracticable at the high primary 
voltages contemplated. 

An alternative scheme of off-load change-over between station 
and unit supplies has been used oversea. This has the advan- 
tages of reducing fault-level and avoiding the necessity of 
synchronizing before change-over, but at the expense of switching 
surges in the motor circuits. 

Mr. D. J. Miller: The author makes no reference to protective 
gear. I hope that does not mean he considers auxiliaries would 
be better without it. It is an important aspect which should 
be borne in mind throughout the design of the scheme. 

With higher-voltage auxiliary systems of up to 11kV, does 
the author think that a resistance system of earthing is warranted ? 
The advantage of earthing through a resistance would be that 
damage to costly motors would be minimized in the event of 
an internal fault. It would also reduce stray voltages due to 
faults in the station, which can constitute a hazard. Will the 
author also comment on the use of under-voltage releases on 
auxiliary motors and the settings and time delays which he 
considers suitable? 

A controversial question, particularly for smaller stations 
where all the auxiliaries are on 415 volts, is the use of standby 
earth-leakage protection in the transformer neutral. This is 
important in these smaller stations because, in the event of a 
failure of the protective gear on a far from essential auxiliary, 
the standby earth-leakage can trip all the station auxiliaries. 
On the other hand, standby earth-leakage protection in the 
transformer neutral is probably the only effective method of 
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detecting earth faults on 415-volt systems where the earth-fau 
current is restricted by the fault impedance. 

There has been much discussion on centralization of controlll 
in recent years, and I should like to have the author’s opinion 
on control. 

Mr. J. C. Bradbury-Williams: I feel that in the design of the 
auxiliary system consideration should be given to power suppliey 
for construction and commissioning. Even in Britain with 
Grid system it can happen that on a new site the Grid stati 
cannot be completed at an appropriate stage of the constructior 
programme. What arrangements would the author make for 
these supplies? At oversea stations there is often no Gricq 
system. Commissioning supplies are difficult and even colc 
starting requires special arrangements. 

Regarding under-voltage protection, are latched-in starters 
recommended for essential auxiliaries? 

The selection of voltage for the variable-speed drives is not 
easy, particularly where the range of speed is above and belo 
normal running speed. The author’s views on the selection of) 
the proper voltage for motors where the speed range is com 
siderable would be helpful. 

The paper discusses auxiliaries of coal-fired stations. Although 
Britain has only a 15 MW unit gas-turbine set, Switzerland has 
a 27MW set, and it would be interesting, for comparison, ta 
have details of the auxiliary system of this type of plant, including: 
the auxiliary load. I hope the rather large compressor shaft} 
horse-power will be expressed in terms of equivalent electrical} 
rating. 

Some large sets are being built as two-line machines. 
the author recommend a unit transformer for each of the 
generators of the two lines, for only one of the lines, or a common 
transformer? | 

Mr. C. J. O. Garrard: I should like to make a point concerning} 
the remarks of Mr. Abbott and Mr. Waggott about unit trans- 
former schemes using Method A. 

I should not have thought difficulties in providing switchgear 
for the generator output would have been a limiting factor. One 
has 4kA metalclad units in operation quite satisfactorily, and! 
it would not be very difficult to design a 6kA unit if care were: 
taken to keep magnetic material away from the immediate: 
neighbourhood of the conductors. 

Mr. T. Molyneaux: I would like to comment from the 
mechanical engineer’s point of view. 

One complication with a feed-pump system of two 100% 
pumps, one on the unit and one on the station board, is that! 
the unit pump is doing all the work. 

Ways out of this difficulty are to have change-over switchgear 
or means of changing over cables, but for the modern plant there’ 
is another method. Nearly all modern high-pressure pumps 
are of the barrel-casing type, and the internals are interchange- 
able. They can be taken from one feed pump and put in the 
other. : 

Another factor is size. The C.E.G.B. have generally called 
for two 100% pumps, but this is not necessarily the right answer. 
Feed pumps are fairly reliable pieces of equipment to-day, and 
there is a very good case for not having them as standby equip- 
ment. There are several stations to-day which do not have 
100% standby plant. They have one 100%, two 50% or some- 
times three 50% pumps. A great saving is possible on station 
and unit transformer sizes with this arrangement. As the feed 
pump is the main item of auxiliary equipment in a modern plant, 
there is a very good case for reducing its size. 

The author states that battery supplies will be required for 
emergency lighting, standby oil-flushing and seal-oil pumps, and 
turbine governor motor. I think there is a good case in modern 
high-temperature plant for adding barring gear since it is difficult 


to crash shut-down without it. It is doubtful if it would be 
possible to start the turbine again for a long time—in fact per- 
m anent damage may be done to the machine by not having 
‘barring gear available at all times. 

_ Mr. D. J. E. Evans (communicated): During the discussion 
‘several speakers referred to the quick switching of induction 
motors. This method has been used on the Continent,* in the 
nited Statest and at oil refineries in this country. It is also 
proposed for the Hunterston nuclear generating station. 

When the supply to an induction motor is removed, the mag- 
netic field does not die away instantaneously. The fluxes in 
€ ach of the rotor windings tend to decrease, but as the rotor 
windings are short-circuited, e.m.f.’s are induced and set up 
currents tending to maintain these fluxes. The resultant flux 
‘rotates at rotor speed relative to the stator and not at synchronous 
“speed as it did before the supply was switched off. Not only 
does the magnitude of the residual busbar voltage decrease but 
its phase varies relative to the supply voltage. 

Four methods of quick switching are possible: 


(a) In the ‘fast’ quick-switching scheme the incoming supply is 
reconnected in the shortest possible time, irrespective of the value 


: 
: 
: 
: 
NORTH-WESTERN CENTRE, AT 
Mr. C. W. Priest: Reliability becomes of enormous importance 
in the assessment of alternatives for auxiliary supply when the 
outage of a single 200 MW unit may cost the Board from £150 
_to £200 per hour in running low-merit plant. This figure must 
be remembered in assessing the economics of any system. 
Quite obviously the exceptionally large unit of to-day will 
probably be the standard unit of to-morrow, and the three- 
voltage system has a lot to commend it with the very high- 
capacity motors now having to be installed. Whether 11kV is 
the right voltage for the highest system must be decided on 
individual circumstances, which vary widely. 
- The author mentioned fire risk with oil switchgear. Have 
there been any instances in recent years of modern properly 
rated equipment causing oil fires? 

As regards emergency supplies, the batteries necessary for 
emergency operation are getting too large, and batteries of about 
1-hour capacity, backed by a Diesel-driven a‘c: generator, with 
rectifiers where necessary, might provide an even better service 
in emergency than auxiliaries alone. 

I would prefer to see the barring-gear motors put on the 
emergency supplies. There is a risk of some distortion in the 
shaft when a restart is required in five or six hours if barring 
motors are not in operation. 

Mr. C. Ayers: For any given project it is possible to sketch 
seven or eight auxiliary systems in a very short time. The 

difficult part of the exercise arises in endeavouring to determine 
the best system for the particular application. 

The author mentions the work of Szwander on auxiliary 
systems. This work was done in 1947, since when units have 
increased in output from 60 to 550 MW and the boiler feed-pump 
from 800 to 6000h.p. Thus, 12 years of progress has increased 
unit and auxiliary capacities by a factor of almost 10. 

However, I would suggest that the general—what may be 
termed conventional—approach to auxiliary system design is 
adequate for units up to 120MW. Above this size and for 
eee a cloatre; aud ates, of Radial, HV, Lines’ 
CIG.R.E., 1956, 3, Paper 304. 


Brown, P. G., HEAGERTY, : IT 
ith Stored-Energy Mechanism Applied to Steam-Station Auxiliary Transfer Arrange- 


ments’, Transactions of the American LE.E., 1958, 77, Part Ill, p. 310. 
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of the residual voltage. Transient currents of some 12-15 times 
(with one case of 19 times) normal have been reported. 


(6) The second method introduces a fixed time-delay before 
connecting the incoming supply. The residual busbar voltage is 
a function of the number of motors on the bars, their characteristics 
and the load. A delay that would be suitable for one set of load 
conditions might well not allow the residual voltage to decay 
sufficiently for another set of conditions. 


(c) The third method differs from the fixed time-delay scheme in 
that the reconnection of the supply is delayed until the residual 
voltage has decayed to a known low value, usually some 20-25% 
of motor rated voltage. This method reduces the electrical and 
mechanical transients imposed on the induction motors. 


(d) In the first three schemes the incoming standby supply is 
never connected in parallel with the normal supply during quick 
switching. These open-circuit methods of transfer become more 
difficult as the size of the generator increases. A continuous-circuit 
form of transfer has recently been described,* and is to be installed 
in the United States. in this, the incoming supply is connected 
* eles with the normal supply for some two cycles during the 
ransfer. 


An analytical study of quick-switching schemes is complex, 
and extensive computer studies have been undertaken in the 
United States, with tests on actual installations. 


MANCHESTER, 5TH MAY, 1959 


nuclear stations I feel that a new approach is necessary and 
would put forward the following suggestions: 

(a) The placing of the boiler feed-pumps or gas circulators in the 
nuclear station on a separate system. This would reduce the normal 
auxiliary system substantially, resulting in savings in switchgear 
and transformer costs. The separate system for the large auxiliaries 
could either be electrical or take the form of mechanical drives by 
turbines, etc. Such a solution may ease the problem of speed 
control, which has advantages for large feed pumps. 

(b) The use of quick-switching technique as currently used on 
oil refineries and in America. By this means switchgear duty is 
reduced at the expense of a somewhat more onerous duty on the 
various auxiliary motors. 

On the development of switchgear, I suggest that the use of 
Continental and North American voltages would ease the 
manufacturer’s burden in that one range of switchgear would 
suit both the home and export markets. 

Mr. H. Cahm: The location of the equipment in the power 
station is very closely linked with the economics of the choice 
of equipment. Many of the advantages of one or other of the 
schemes available can be nullified by factors such as the increased 
cost of cabling, etc. ‘: 

In the stations with which I have been concerned, the auxiliary 
switchboards operating at 3:3 and 6:6kV have been located 
in almost every conceivable position—both sides of the turbine 
house, above operating floor level, in the basement and between 
the basement and the operating floor level. Which position 
does the author consider to have the most advantages? 

Mr. J. Tozer: The author rightly states that simplicity tends 
to increase reliability, and I should like to emphasize that good 
layout, enabling ease of erection and maintenance, is another 
contribution to reliability. 

The unit principle described is true for the steam and feed 
systems in that there is no interconnection, but strictly speaking 
this is not so for the electrical systems described in the paper, 
where there are interconnections and alternative supplies. 

The author describes the starting-up of a unit in respect of 
electrical supplies. I would emphasize the importance of ensur- 
ing that the station board supply is disconnected from the unit 


* GrirFIN, H.: ‘Automatic Transfer of Control Station Auxiliary Motor Supply’, 
Eleventh Annual Conference of Protective Relay Engineers, Agricultural and 
Mechanical College of Texas, 1958. 
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board before the generator is loaded, for it will probably be 
greatly overloaded if the two boards are left in parallel. 

It might be considered that the author’s use of barring gear 
as an example between urgent and service auxiliaries is rather 
unfortunate. While it is true that no permanent damage would 
be done to a machine should barring gear not be available after 
a shut-down, the remedial measures necessary would result in 
a temporary loss of availability. 

I suggest that much greater emphasis should be given to the 
importance of reliable supplies to the electrostatic precipitators, 


THE AUTHOR’S REPLY TO 


Mr. D. A. Dewison (in reply): A number of questions have 
been raised which could only be dealt with adequately by a full- 
length paper. Some points have been mentioned by more than 
one speaker, and these will be dealt with before replying to 
individual questions. 

Quick Switching —The technique of quick switching has been 
given considerable attention, but has not been adopted for power 
stations in this country. The method strikes Professor Kapp as 
being terribly crude, and I would agree that there are too many 
unknown factors involved for the scheme to be adopted with 
complete confidence. It is doubtful whether there is any 
economic advantage to be gained, because careful attention has 
to be given to voltage regulation which might result in either 
low-reactance transformers associated with high-rated switch- 
gear, or costly segregation of circuits to keep load transfers to 
a satisfactory level. 

On the unit system, there is little advantage to be gained by 
quick switching to maintain supplies, i.e. by providing automatic 
standby. This is because those faults which would cause a 
failure of the normal supply would usually require a unit shut- 
down, as, for example, with a fault on the unit transformer, 
since there is no point in keeping the generator running to feed 
into a fault. 

The method has been used in the United States, but opinion 
there appears to be divided as to its merit. As described by 
Mr. Evans, there are several ways in which quick switching can 
be achieved, and even the advocates of the technique are by no 
means unanimous on which way is the best. It is not without 
significance that in one of the largest and newest of the stations 
in the United States the method has been abandoned. 

The Meaford System (Fig. 2(a)].—It is agreed that the elimina- 
tion of the station transformers, which this scheme allows, is 
economically attractive. 

There is, however, considerable reluctance to introduce a cir- 
cuit-breaker, or even an isolator, into the busbars connecting the 
generator with the generator transformer. This is undoubtedly 
due to the feeling that the reliability of the unit is thereby 
reduced, particularly where we are dealing with large units with 
heavy current ratings. This, coupled with the other factors 
mentioned in the paper, probably explains why the scheme has 
not met with much favour. 

Barring Gear.—There would be some distortion of the shaft 
if the barring gear was not used during a shut-down and this 
would cause a delay in restarting, but it is thought that no 
permanent damage would result. 

It is agreed that the motors should be connected to the emer- 
gency supplies system, if this can be done at a reasonable cost. 
With the installation of standby Diesel plant on larger stations, 
the cost involved is less than would be the case if a supply had 
to be taken from the batteries. 

The following comments are given in reply to individual 
questions. 

Professor Kapp.—The capital cost of installing three station 
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bearing in mind our responsibilities to the community in relatio 
to clean air. ; 

High-pressure-oil jacking pumps are usually installed to avol 
possible damage to the turbo-generator bearings when startin 
from rest. The reduction in starting torque on the barrin 
motors is merely consequential. 

Alarm systems now normally operate at 50 volts, using tel 
phone-type equipment. Table 2 allows 200kVA for the lightin, 
and heating load for a 1000MW station, which seems to 
extremely low. 


THE ABOVE DISCUSSIONS 


transformers instead of two, would, in most cases, exceed any, 
savings which might arise from a reduction in rating or in losses 
Particularly is this the case where the transformers are con 
nected at 275 kV. | 

I agree that more detailed records covering failures of plant 
would be of value. 

Mr. Bottrell—Nuclear stations and oil-fired stations have; 
until the present time, adopted the unit principle for thei 
auxiliary systems. In nuclear stations, the reactor and thi 
boilers and turbines associated with it can be regarded as th 
unit. 

The problems on oil-fired stations are much reduced by th 
fact that all the coal plant is eliminated, including the mill group. 
Hence the auxiliary loading is considerably less than on a coal. 
fired station. 

On the other hand, the percentage auxiliary load on a gas- 
cooled nuclear station is approximately twice that of a coal-fired: 
station. In addition to the factors mentioned by Mr. Bottrell, 
there is the further problem of dealing with the delayed heat in) 
the reactor on emergency shut-down. | 

With regard to circulating currents, an angle in excess of 12° 
is exceptional, and provided this figure is not exceeded, the 
system is usually satisfactory. 

Automatic change-over of extraction pumps could probably) 
be justified in some stations, depending on the plant layout and! 
the method of operation. 

It is agreed that two standby Diesel-generator sets should be) 
provided in order to cover maintenance. 

Mr. Waggott.—I agree that one of the factors governing the: 
rating of motors in relation to voltage is the robustness of the: 
windings, and this should certainly be taken into consideration 
when determining the horse-powers to be specified. 

If Diesel-generators are installed, a.c. generation would appear 
to be preferable to d.c., because of its greater reliability and 
cheapness. 

Mr. Hutchinson.—There have been a number of breakdowns 
of power-station motors in recent years, and the fault level in 
relation to cable size, motor rating and the design of the 
terminal box, has been a significant factor. The time grading 
for fault conditions is under review at the present time, and 
the suggestion made by Mr. Hutchinson is most interesting. 

Mr. Abbott.—The extra civil engineering costs required for 

oil-break switchgear, quoted by Mr. Abbott, appear to enhance 
the case for air-break switchgear. 
Mr. Myers.—The analysis of loads on power stations already 
in service will be of assistance to designers. The figures appear 
to confirm the design estimates given in the paper, except for 
the coal- and ash-handling plant. As mentioned in the paper, 
these plants differ considerably, and estimates in terms of kilo- 
watts per ton can sometimes be misleading. 

It is preferable to use air-break switchgear rather than con- 
tactors for the urgent auxiliaries, but this can be influenced by 
the relative costs. Air-blast switchgear suffers from the disad- 


antage of requiring a compressor and associated apparatus, 
which could be a source of trouble. 

The voltage drop to 80% of normal refers to the value which 
ight obtain when starting a boiler-feed pump in certain circum- 


stances, and the electrical system is usually designed to ensure 


This problem is different 


from that of under-voltage protection. With regard to running 


conditions, motors for urgent auxiliaries are normally specified 
by the C.E.G.B. to remain in step for 10min with a voltage 
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reduction to 75% of normal. 

Mr. Clarke.—Duplicate busbar switchgear for auxiliaries is 
not now generally used in power stations. The extra cost does 
not appear to be justified, as it is probable that in most instances 
a fault on one busbar would result in the loss of the whole board. 

The construction supply from the Area Board can be incor- 
porated into the power-station electrical system to act as a 
standby supply. On many sites, however, this supply is provided 


as a temporary installation and the cost involved in making it 


permanent is probably not justified, bearing in mind that it 


‘might never be used. 


The cost comparison in Section 15.3 is based on oil-break gear. 
Mr. Stubbs.—I agree that at 11kV the motor ratings should 


not be below 1 000h.p. 


Transformers having two secondary windings have been used 
on some stations, but there is often difficulty in obtaining reliable 
figures, during the design stage, of the reactance between the 
two secondaries, and as this affects the switchgear rating, the 
whole project might be held up on this account. A further point 


against the use of two windings is that a fault on one winding 


would probably result in the loss of the complete transformer. 
Mr. Miller.—Protective gear and the associated problem of 


earthing is, of course, an important aspect of system design, but 
could not be included in the paper without making it unduly 


long. Resistance earthing is recommended where the fault 
current may become excessive. 

The urgent auxiliaries are protected by thermal over-current 
and earth-fault relays. Time-delayed under-voltage protection 


‘is provided for the mill group to prevent hazardous conditions 


arising in the boiler in certain circumstances. It is suggested 
that a 5sec setting might be suitable in most cases, depending 
on the boiler characteristics and the electrical system design. 

The subject of controls is outside the scope of the paper, but 
it can be said that there has been an advance in recent years 
towards complete central control. 

Mr. Bradbury-Williams.—The supplies for construction pur- 
poses are usually provided, in this country, from the local Area 
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Board. At overseas stations where there is no such supply 
available, Diesel-generating plant would presumably be used. 

If contactors are used for urgent auxiliaries they are usually 
latched-in. 

No difficulty has been experienced in obtaining variable-speed 
motors in the voltage and speed ranges for which they have 
been required. A.C. stator-fed commutator motors have been 
used extensively where variable speed is required, and are avail- 
able for the different voltages used on power stations. 

Fig. 5 in the paper illustrates a system which might be used 
for a two-line machine. A unit transformer for each line is 
recommended. 

Mr. Garrard.—It is interesting to note that Mr. Garrard con- 
siders there would not be much difficulty in designing a 6000 amp 
switchgear unit. Even this would not be adequate for the larger 
sets at present being installed. For instance, the 200 MW unit 
has a current of approximately 8000 amp. 

Mr. Molyneaux.—The question of standby plant on power 
stations has been the subject of much discussion in recent years, 
and there are many factors which need to be taken into account, 
which are outside the scope of this paper. 

Mr. Priest.—The last two major disasters involving oil-break 
switchgear were at Kilmarnock in 1952 and Dalmarnock in 1954, 
but the switchgear installed was not of modern design. It is 
agreed that modern properly rated oil-break equipment has 
given very little trouble, but it is difficult to avoid the fact that 
the presence of oil constitutes a fire hazard. 

Mr. Ayers.—It is difficult to comment on the proposals made 
by Mr. Ayers without seeing the details, but I should be surprised 
if separate electrical systems showed any economic gain. 

The voltages used on power-station auxiliary systems corre- 
spond to those recommended by the B.S.I., and to adopt the 
suggestion of changing to those used on the Continent and in 
North America would require a great deal of discussion between 
many branches of the electrical industry. 

Mr. Cahm.—The location of the equipment in the power 
station is an important consideration, and the most common 
arrangement is to have two main distributing centres, one at the 
front of the turbine house and one at the back of the boilers. 

Mr. Tozer.—It is considered preferable to load the generator 
lightly before disconnecting the station supply, because this helps 
to stabilize the unit. 

I agree that the electrostatic precipitator should be given a 
very reliable supply, and it is therefore treated as an urgent 
auxiliary. 

The lighting- and heating-load estimate is based on design 
estimates and statistics of plant already in service, but, of course, 
this can vary depending upon the type of heating employed. 


DISCUSSION ON 


‘THE STARTING OF A 3-PHASE INDUCTION MOTOR CONNECTED TO A 
SINGLE-PHASE SUPPLY SYSTEM’* | 


Mr. E. W. Krebs (communicated): I have been using the 
authors’ method for many years and have found it a most useful 
and practical tool for resolving any problem involving 
unbalanced feeding of a polyphase motor, such as the starting 
performance of a single-phase motor. The only difference I 
could perhaps claim is a slightly different arrangement of the 
terms for the ratios of the various quantities. It is often an 
advantage if the denominator is arranged in a symmetrical 
manner, as it then indicates at a glance the value of a parameter 
for which the ratio reaches a maximum (or minimum). 

For example, eqn. (15) can be brought into a symmetrical 
form by dividing the numerator and denominator by 6y, 
resulting in 


rears sin « 
T V3 1-5/y +y/1-5 + 2cosa 


which reaches a maximum when | -5/y = 1 for any fixed value of 
a. Similarly, eqn. (17), in its symmetrical form, 


U= os + y[r/3 + 2 cos (« + ae 
~ La/3/y + ylv/3 + 2 cos (« — 30°) 


immediately gives a minimum for y = 1/3 and any fixed value 
of a. 

The maximum starting torque occurs when the admittance of 
the phase convertor is equal to the admittance of the combina- 
tion of the phase windings across the terminals of the phase con- 
vertor if the mains are replaced by a short-circuit. This holds 
not only for 3-phase star- or delta-connected windings, but also 
for balanced or unbalanced 2-phase windings. In the latter case, 
of course, a third parameter is introduced, namely the turns 
ratio of the main phase and the capacitor phase. Since this 
parameter influences the starting torque in direct proportion, it 
can readily be used for increasing the starting torque of a single- 
phase machine. 

In Section 2.2.5 it is stated that ‘the designer must take into 
account . .. the voltage across the phase convertor’. This is 
certainly necessary, but it must be pointed out that the voltage 
calculated by eqn. (22) occurs at standstill. Under running-up 
or running conditions the voltage across the phase convertor 
is normally appreciably higher, and it is obviously this higher 
voltage for which the phase convertor should be designed. 

Dr. J. E. Brown and Mr. C. S. Jha (in reply): We are glad 
that Mr. Krebs has found the analysis to be ‘a most useful and 
practical tool’. This enables us to emphasize that the whole 
object of the paper is to place such a tool at the disposal of the 
designer of single-phase machines; not to produce an academic 


* Brown, J. E., and Jua, C. S.: Paper No. 2860 U, April, 1959 (see 106 A, p. 183). 


| 

exercise in symmetrical component theory. A similar analysi| 
of the 2-phase case has been published in the Proceedings.{ 

Rewriting certain equations in the form suggested does leac 
to some simplification when considering variations of the rele 
vant quantities with the parameter y, but there appears to be nc 
simplification when considering the variation with a. 

The most general form for the ratio of the voltage across th 
capacitor to the supply voltage is 


Ve| 
ae 
[ YR Ly} + 2iy2 cos (120° + 0% — m1) | 
D+ yt +3 + 6y1 COS a + Oz COS Hy + 2y, V2 COS (%y — %) 


where, using the notation of the paper, y; = | Y;/ Y|,¥= | Y/Y 
a, =(B — dy), a = (8 — ¢>) and gy, 2 are the arguments o 
Y, and Y, respectively. (If y; = y,2 =y and a, = a, =a, th 
conditions which hold at standstill, this equation reduces tc 
eqn. (22) of the paper.) For most induction motors the valu 
of Y, at any speed differs very little from the standstill valu 
Y,. It is therefore justifiable to assume that y, = y and a) = 

Then, introducing the notation y; = my and A = (a, — a) 


(d; — dp) gives 


Vy! 
Va 


{ y’[1 + n? + 2ncos (120° + A)] 1/7 
9+y*(1 + n* + 2n cos d) + 6y[n cos (« — A) + cos al 


If the values of y and a recommended in the paper are employed, 
ie. y = +/3 and « = 150°, this expression reduces to : 


rs E + n? — ncos X — 4/(3)n sin A 4/2 
1 + n*—ncosrX ++/B)nsinA 


Vy 
V 


This ratio is unity when A is zero, which occurs at standstill and 
at a speed close to the running-light speed. Between these 
values 90°>A>0 and the ratio is less than unity (it should be 
remembered that ¢3 is numerically greater than ¢, and both are 
negative, hence A is positive). For other values of y and & the 
relationships are more complex, and Mr. Krebs’s warning should 
be borne in mind. It is hoped to deal with this point and alse 
with the physical significance of the relationships between con- 
vertor and machine admittances in a later paper on the general 
properties of static phase convertors and symmetrizers, 
}_Jua, C. S., and Dantets, A. R.: ‘The Starting of Single-Phase Induction Motes 


having Asymmetrical Stator Windings in Quadrature’, P; i 
No. 3049 U, August, 1959 (106 A, p. 336). Quedietie Proceednss Es aa 
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< SUMMARY : 

_ The first major development described is concerned with the 
arrangement of stator blocks. A previous paper described a system 
‘in which four stator blocks were arranged around the rotor. The 
new layout involves the use of only two blocks containing pre-skewed 
‘slots. The arrangement of the laminations and slotting is such that 
the two blocks can be rotated as a unit to produce speed adjustment. 
‘This arrangement is shown to produce a more uniform effective field 
velocity over the active surface of the stator. It equalizes the mag- 
netic pull between rotor and stator and has several other design 
advantages which are fully discussed. The earlier theory of the 
‘spherical motor is extended to the case of machines with pre-skewed 
‘slots. Test results obtained from several experimental machines are 
shown. In the light of these results a procedure for designing spherical 
‘motors is developed. Several aspects concerning manufacturing 
procedure, such as the required numbers of rotor bars and rings, have 
been investigated, and the practical results of these tests are included. 
_A short section of the paper is devoted to the performance of spherical 
machines when used as induction generators. 


(1) INTRODUCTION 

_ In earlier publications!:? the authors have described variable- 
speed induction motors based on a principle illustrated in 
Fig. 1. A stator block, A, is wound with a polyphase winding 


1 


Fig. 1.—Arrangement of rotor and stator in a spherical machine. 


designed to produce a field travelling across the block with 
velocity u,. The inside surface of the block is part of a sphere 
and is concentric with the spherical surface of the rotor B, 
which can carry current in any surface direction. The rotor 
will approach the synchronous speed 


eet ecm an menage. es CL) 


Written contributions on papers published without being read at meetings are 
invi r consideration with a view to publication. — } ¢ : 5 
ioe iors are in the Department of Electrical Engineering, University of 
Manchester. 


The stator block can be rotated so as to vary @ while maintain- 
ing a uniform air-gap between rotor and stator, and hence u, 
can be controlled. Speed ranges as high as 6:1 have been 
achieved, and there is no theoretical reason why any desired 
speed range should not be possible. 

The stator is essentially made up of several individual blocks. 
Unenergized rotor material is continuously entering the area of 
influence of each stator block, becoming energized, and then 
leaving the block in an energized condition. The system is 
never free from the influence of transients, and the flux density 
over the surface area of any block is non-uniform. 

A theory accounting for these transient effects has been 
developed” for the case of 6=0. The theory assumes a 
travelling wave of current density j, = J, sin (wt — 7x/p) in 
the stator block shown in plan in Fig. 2. 


BY Q mM’ 


mM N 


B 


Fig. 2.—The skewed field principle. 


The lines drawn in the Figure do not represent slots, but are 
lines of constant phase of the current distribution. The theory 
considers the factors influencing an element of rotor, P, as it 
passes under the block, along the axis of x, AA’. The line BB’ 
is taken as the origin of x, so that the position of P after time 
t is x =u,t, shown at P’, where u, is the velocity of P in the 
direction AA’. 

The theory, which includes some approximations, enables the 
flux density at all points under the stator to be calculated for the 
particular case of 8 = 0 [eqns. (13) and (14) of Reference 2). 

If now the rotor is given an additional velocity u, in the 
direction BB’, the element will in fact arrive at P”, where x 
has the same value as before and y =u,t. It may be seen, 
however, that the element is still embraced by the same pair 
of equiphase lines, and its behaviour is therefore unchanged 
by the introduction of u,. The theory developed for the case of 
@ = Ocan be applied to cases where 0 # 0, provided that x and p 
and all quantities derived therefrom are measured in the direc- 
tion of motion of the current wave, and j, is the current density 
in that direction. 
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The velocity u,, however, will not be altogether without effect. 
Thus the element P will emerge from the block at point Q instead 
of A’, thereby reducing the effective length of the block and 
therefore the range of x over which the flux equations apply. 

Furthermore, not all elements will now enter the block along 
BB’; some may enter at points such as M and leave at M’, or at 
points such as N and leave at N’. In both cases there is a 
reduction of effective block length, and for the theory to apply 
it will be necessary to treat x as zero at the entry point, whatever 
it is, and not as zero on the extension of B’B. Detailed analysis 
of these effects is not necessary here; it will suffice to note that 
the efficiency of the machine was shown to depend very much 
on the number of poles (7) of the travelling wave contained 
within the block length in the direction of motion of the 
rotor, good efficiencies being possible only for values of n 
in excess of about 4. The greater u, is made relative to 
u,, ie. the greater 0 becomes, the greater will be the effective 
reduction of block length, and therefore of pole number. 
Thus, the greater the speed range of the machine, the smaller 
will be the effective number of poles relative to the actual 
number on the block in the x-direction. Hence, if the effective 
number of poles at the highest speed is to be sufficient, say 
greater than 4, then the greater the speed range required, the 
greater will be the actual number of poles on the block and 
therefore the smaller will be the pole pitch for a given block 
length. Small pitches result in inefficient machines. 


(2) THE 4-BLOCK TYPE OF CONSTRUCTION 


In the machine described in a previous paper,” four sets of 
movable stator blocks were envisaged, each of which was a 
‘square’ of side r, equal to the rotor radius. In the earlier 
machines the rotor arc « under a block was restricted to 60°. 
Having restricted the block width, the block length is now 
similarly restricted. If, for example, a 2:1 speed range is 
required, the stator blocks must be rotated through 60°. If 
the block dimension in the direction of the field velocity is greater 
than that in the direction of the slots, a large portion of the stator 
surface will have been turned clear of the rotor surface at top 
speed. The number of poles in the direction of motion of the 
rotor is now halved. The best efficiency at 50c/s on a 4-block 
machine with a 14in-diameter rotor was 33°% at bottom speed, 
‘with much lower efficiencies at higher speeds. 

The error made in designing this machine was to start from 
the minimum-speed condition and then see how far the perform- 
ance deteriorated at higher speeds. By starting from 6 = 0 
large angles of rotation are necessary before any useful speed 
range is obtained [see eqn. (1)]. 


(3) THE 2-BLOCK TYPE OF CONSTRUCTION 


A new type of construction was designed to enable the block 
length in the direction of motion to be extended. Segmental 
stator punchings can be offset with respect to each other so as 
to produce pre-skewed slots as shown in Fig. 3, where the 


SLOT OPENINGS 


Fig. 3.—Assembly of laminations forming pre-skewed slots. 
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punching thickness has been exaggerated to illustrate th 
method. If all the punchings are identical, the edges of th 
block are serrated as shown. The individual punchings ie 
arranged to lie in radial planes so that no machining of th 
inner surface is necessary. Furthermore, these planes ar 
arranged to pass through the rotor axis when the block is in it 
central position, so that in terms of rotor movement the lamina 
tions could be said to lie at right angles to the direction of thos 
in a conventional machine. The method of construction is illus; 
trated in Fig. 4. Segmental punchings are stacked against g 
pair of accurately spaced rings. The serrated edges are no 
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Fig. 4.—Two-block type of construction. 
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Fig. 5.—Types of stamping used in stator construction. 
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_ disposed laminations, as shown.* 


Fig. 6.—Method of stator construction. 


Laminations were stacked to fill the first 5° with radially- 
This packet was given a skew 
of one slot pitch. The punchings were held together by clamps; 
the inner surface was pressed into contact with the dummy 
rotor, and a light weld was run along the back surface to hold 
the packet together. When sufficient packets had been made, 
they were stacked between end plates on the dummy rotor, with 
the slots aligned but advanced relative to each other by one slot 
per packet. 

Two strips of thin steel were welded to the backs of the 
packets to form one stator block. These were used to anchor 
the block to the bolts joining the forming rings. 

It is apparent from the geometry that each point on the rotor 
surface crosses the same number of slots as it traverses the block. 
In other words, there is no velocity discrepancy so long as the 
stator block is in the central position. Rotation of both blocks 
together as a unit produces an effective increase in @ in each 
block, or a reduction in @ in each. 

The first 2-block machine built had a 45° pre-skew. With this 


arrangement +184° rotation of the stators is sufficient to give 


* This is the figure appropriate to about 45° skew with 12 slots per segment. The 
machine actually shown in Fig. 6 is a later model with 634° skew which involves the 


use of 10° packets. 
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shown in this diagram for the sake of clarity. Each stamping 
is kept in a radial plane by suitable incorporation of truncated 
stampings in the right proportion (as shown in Pigs) 5 LO 
assist in stacking, a dummy rotor was made, being oversize by 
the amount of the air-gap. This can be seen in Fig. 6, which 
shows a machine in process of construction. 
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a speed range of cos 264°/cos 634° =2:1. With such com- 
paratively small stator displacements, very little of the stator 
surface is turned off the rotor edge even though each block 
subtends nearly 180°. 


There are several advantages in such a form of construction, 
namely 


(a) The increase in block length compared with a 4-block machine 
of the same speed range enables either an increase in pole numbers 
or an increase in minimum pole-pitch to be obtained on a given 
size of rotor. Both these features are known to give improved 
performance. 

_ (6) At one speed setting, i.e. with the axis of the stator forming- 
rings coincident with the axis of the rotor, there is no velocity 
discrepancy. 

(c) Since both blocks can be rotated as a unit, there is ideally no 
magnetic thrust on the stator bearings as there is in the 4-block type. 


Fig. 7.—A complete 2-block machine (634° pre-skew). 


The remaining mechanical details are summarized in Fig. 7 
which shows one of the later complete machines with a 634° 
pre-skew. 


(3.1) Application of the Theory to Pre-Skewed Machines at 
Mid-Position 

It has been pointed out that, when the stator blocks are 
centrally placed over the rotor, every element of the rotor spends 
the same time under the block and crosses the same number of 
slots. No rotor elements either enter or leave the sides of the 
block. Thus, for all rotor elements the effective number of 
poles on the block is the number of poles measured in the 
direction of motion of the rotor. 

The theory developed in Reference 2 is thus fairly easily 
applied to the block in the central position where 6 = 4, and 
Oy is the angle of pre-skew. In particular, the equations for the 
component of flux density B,, which is in phase with the stator 
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current J,, and the component B,, which is in quadrature with 
J,, can be rewritten as ; 


pete o 
P pw oa + (1/7w)? 


—~y o Le. a } 
{1 =aexD ae lie pe: a gee er a 


(2) 
ene Ded ot 1/Tw 
q pw o% + (1/Tw)? 
{ — exp lat ip : 5 || — a — Two sin i i |} 
(3) 


These equations have been obtained from eqns. (13) and (14) 
in Reference 2 by writing 


T= 4p elmp.e .. . oe en) 
DOH Heat 6. x en) 
and i SIP wee: ._ See eee (0) 


Of these quantities, 7 is rotor time-constant, and y is the distance 
in electrical radians which a rotor element, now situated at the 
point where the flux density is measured, has travelled under the 
stator block since entry. For example, in Fig. 2 for the flux 
density at P’” the relevant value of y is PP’ expressed in elec- 
trical radians of the current wave. pw/7 has been written for 
u, to eliminate any confusion between wave velocity in the 
direction of the wave motion (u,) and actual rotor synchronous 
speed, u,/cos 0... It is important to remember that the symbols 
J,, Pp, us and s relate to a direction perpendicular to the slots and 
not to the direction of rotor movement. 

In Reference 2 the torque/slip curve and the rotor-copper- 
loss/slip curve were developed for the ideal case of a machine 
with no air-gap. A brief outline of the extra losses occurring 
at the exit edges of the stator blocks was attempted. These 
calculations are now extended, using eqns. (2) and (3) to include 
finite values of decrement, and a set of curves showing exit-edge 
loss variation with slip is added. Prediction of the performance 
of pre-skewed machines may now be attempted for the 0 = 6) 
condition. 


(3.2) Rotor Copper Loss 


Rotor copper loss = 4p, | J2ds, where J, is the rotor current 
density, and may be written 
J? oa (J; Jase) a 


Jimp Tepresents the component of J, which sets up B,, and 
Jing the component of J, setting up B,. 

As in Section 12.1 of Reference 2 it is assumed that Jinp and 
Jing May be written 


whence 
np np 
ub 2 eit 2 | 
tp, | SPs sp, | fees tater ) (B? er Bi) fas 
(7) 


Evaluation of the rotor copper loss from this expression is 
completed in Section 10.1.1. 


qa 
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(3.3) Torque/Slip Curves 
The total force, F, exerted tangentially by a stator block i: 
given by | 
J: np 
ye | Bos 
Substituting for B, from eqn. (2) gives 


ie o a BS | - ta = 
~ Qu, o% + aaron |, | age Tw(1 — o) 


cos 7 oe + = sin ; = wt lla ; ® 


i 


The integration is completed in Section 10.1 and expresse 
as Fu,. 


(3.4) Magnetic Energy 


Rotor elements enter the stator arc in an unenergized condi 
tion. As they pass under the block, magnetic flux is built u 
in the elements in accordance with eqns. (2) and (3). Om 
reaching the end of the block the total flux density in the ele- 


ment is 
B= 4/ (Be ao BD 


Associated with this flux density there is stored energy 


a per unit volume of gap 
5 877 Lo 


This magnetic energy has been acquired during transit, and the 
rate of arrival of magnetic energy, non-existent at the entry; 
edge, is 


LG ea 


gu, per strip of stator of unit width. | 
2 8779 


It is necessary for this magnetic energy to be very largely; 
dissipated before re-entry under the block. The phase of the 
‘carried over’ flux as it re-enters will in general not be ideally, 
disposed for the production of useful drive torque. It has been: 
verified in practice that the carrying-over of flux results in 
undesirable undulations of the speed/torque curve, especially, 
in the working range, since any flux carried over may either ai 
or oppose the wanted flux, depending on the speed setting (6) 
and the slip, and tends always to favour synchronous speeds 
corresponding with even pole numbers, as would be expected by 
analogy with conventional machines. 

It was suggested in the previous paper that the desired dissi-. 
pation of exit-edge flux could be achieved by arranging for the 
rotor time-constant outside the block to have a value tT) = 7/A, 
where A > 1 and is chosen to dissipate the flux over the arc- 
length available between blocks. It was suggested that if this 
were done the magnetic energy being transported away imme- 
diately outside the block would be A times that being trans-! 
ported under the block, i.e. the stator exit-edge loss P, would be: 
given by 


(Bp + Bax) 
“Sitlg 


where Ag is the gap which would be required outside to give the: 
time-constant T9, assuming no rotor leakage. 
Eqn. (9) can be re-expressed as 


P, = 4tdg (9) 


(ieee 


(Bj, + Bis), 
P — px qx. 
ile Saka 8779 


It is convenient in the design procedure considered later to: 


Be ican to the time elapsing between leaving one block and 


entering the next, since it defines the time required to dissipate 
all but (1/e)* of the transported energy. The quantity Py(tolt, 


; 
E 
; 
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express Tw, whenever it appears, in terms of the time t, spent 
under the block by a point travelling at speed u,, whence 


t, = np/u,. 


LS 1 & 


Thus S.A 
LT, Pe 8779 


Uu, 
(Be Be) ee (10) 


In a practical machine +) must be chosen in appropriate 


is evaluated in Section 10.1. The general form of this exit-edge 
loss is shown by Fig. 8, which represents eqn. (26) plotted for 
n = 4 and various values of ¢,/. 
t./7 
O-5r 
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Fig. 8.—Theoretical curves of exit-edge loss. 
(4) EXPERIMENTAL RESULTS 


(4.1) The First Machine with Pre-Skewed Slots 


Stator rotation was limited mechanically to +12°. The 
stator blocks had a pre-skew angle of 45°, and the arc length 


in the direction of motion of the rotor was made as large as 


possible, the limiting factor being the space required for the end 
turns of the winding. The arc length was in fact 140°, whilst 
each segmental stator punching subtended 60° and carried 12 
slots. The two slot per pole per phase, 5/6 chorded, double- 
layer winding therefore produced two pole-pitches of m.m.f. 
wave across every stator lamination, and therefore 4:67 pole- 
pitches around the 140° arc. The synchronous speed for the 
central position was therefore 500r.p.m. when using 50c/s 
supply. 

The first series of experiments was designed to verify that the 
theory developed in Reference 2 was applicable to the pre- 
skewed machine in the manner outlined in Section 1. A flux 


‘analysis was carried out with the stator blocks central (0 = 4) 


in accordance with the method described in Reference 2, Sec- 
tion 4, due allowance being made for leakage flux. The results 
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of this experiment are shown in Figs. 9 (a)-(e). The curves 
represent the calculated flux densities using eqns. (2) and (3). 
The agreement between the calculated and observed values of 
B, and B, was taken to be ample evidence that the original 
theory could be relied upon, at least for values of n greater than 4. 


(4.1.1) Load Test. 


The torque/speed curves of this machine were obtained using 
an acceleration method at low voltage.? 

A load test was performed at constant current so that direct 
comparison with the predicted curves of synchronous watts and 
input could be made. The calculation of stator exit-edge loss 
involves the determination of A. In the absence of a calculated 
value, A was derived by measuring the time-constant To outside 
the block. To do this, two search coils were mounted on non- 
magnetic supports at different distances from the exit edge, 
and readings of flux density in these coils were taken when the 
machine was running light, from which 7) was calculable. 
The magnetic energy arriving at the exit edge has been supplied 
directly by the stator. If the stator iron continues beyond the 
end of the stator winding, so that the gap outside equals the gap 
inside, there is no back-torque on the rotor. If the gap increases 
outside, as is the case in practice, then power [B2u,(A — 1)g]/8ap9 
per unit width is supplied as mechanical work by the rotor, 
i.e. there is an appropriate back-torque. The remaining power 
B2u,g/87[49 is supplied as before by the stator directly. 

The calculated performance curves were obtained as follows. 
The output/slip curve was plotted from the torque equation 
derived in Section 10.1 and computed for nm = 4:67. From the 
ordinates of this curve were subtracted (A — 1)/A times the 
exit-edge losses plotted in a similar manner to those in Fig. 8 
computed again for n = 4-67. This is the real output curve. 
To this is added the calculated rotor copper loss as derived in 
Section 10.1, together with 1/A times the exit-edge loss to give a 
synchronous-watts curve. A final addition of calculated stator 
copper loss gives the intake/slip curve. The full lines of Fig. 10 
represent the calculated curves, while the points are the corre- 
sponding experimental values. The agreement is remarkably 
good considering the approximations made, one of the most 
satisfactory features being the ability to predict the failure of the 
machine to reach the calculated synchronous speed (in this case 
1000r.p.m.). 


(4.1.2) Variations in 6. 


Load tests were carried out at minimum (33°) and maximum 
(57°) values of 0, and at @ = Oy using a 50c/s supply. The 
intake and synchronous-watts curves, for constant-voltage 
operation, and power factor/slip and efficiency curves are shown 
in Fig. 11. The performance at 57° was disappointing. The 
efficiency had fallen considerably from the values at the other 
settings, the peak output at constant voltage was lower than at 
6 = 4, and the power factor was lower. Investigations into 
the reasons for the poor top-speed performance led to a detailed 
mathematical analysis to determine the effective speed of the 
field at different points on the rotor surface. A ratio 
y =u, cos 8/u, has been calculated for all points on the rotor 
surface, assuming that the velocity at the centre of the stator 
block is equal to u,/cos 8. The analysis is performed in Sec- 
tion 10.2, and the lines on Fig. 12 are lines of constant y.* 
The discrepancies are more serious in the case of 6 > @ than of 
0 < , for stator components of lower speed than the demanded 
value will produce back-torques in the working region, whilst 
components of higher speed, as appear when 6 < 4, only come 
fully into effect when the slip is negative. 


* The projection found most useful in describing spherical motors is the ‘plate 
carée’ projection in which degrees of longitude and latitude are represented as uniform 
scales of x and y respectively on a Cartesian co-ordinate system. The shaded areas 
in Fig. 12 correspond with regions of the stator which are traversed by rotor surface. 
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(Qia—ay 
(b) o = 1/m + 1). 
(c) o = 2/(n 4+ 2). 
(d) o = 3/(m + 3). 
(ce) o = 4/(n + 4). 


(4.1.3) Conclusions Drawn from the First Machine. 
The results of the first machine were quite pleasing in that the 
motor had reasonably good characteristics for the range 0 = 33°- 


45° and would doubtless have been almost equally good below 
33° had the mechanical arrangement permitted. The per- 


formance at 8 > 45° was poor for several reasons. = f 
(a) The peak output was reduced mainly because part of the 
stator block was turned off the rotor. This effect probably helped 100 ee Nee 


to lower the power factor also. 
(b) The efficiency was lower because the number of poles was 
reduced. 80 


(c) The efficiency and output were lower because of velocity S (INTAKE-STATOR ) 
discrepancies. g es ~~COPPER LOSS) 
These facts could be summarized by saying that the machine ol 
was Satisfactory for about 1-4: 1 range only. = 
Oo 40 Lees 


(4.2) Designing for Peak Performance at Top Speed 


The next stage in the development is fairly obvious. The 
angle of pre-skew should be increased so that @ = 0) represents 


the top-speed condition where it is thought desirable to have ee 300. 400 600 800. 1000 

maximum output, best efficiency, and so on, with the stator SPEED, R.PM. 

block centrally placed. All the stator surface is usefully : a ; 
employed, and there is no velocity discrepancy. The pole Fig. 10.—Load tests at 100c/s on 45° pre-skewed machine. 
number can be arranged to be any desired value by design. wary Eee eats 
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Fig. 11.—Performance curves for constant-voltage operation. 


(4.2.1) The Second Pre-Skewed Motor. 

_ Accordingly, a second motor was built with a view to a 
2:1 speed range. The value of 0) was 634° and @ could be 
varied down to 27° to give the desired range. The winding was 
‘designed to give 4:67 poles around 140° at top speed. This 
involved the use of four poles-across the arc «. Using a 12-slot 
segment, the winding had one slot per pole per phase and was 
2/3 chorded. 

The main interest in this machine was the performance at top 
speed. A load test on 50c/s supply at constant current yielded 
the results shown in Fig. 13(a). The cross at peak torque was 
obtained when the machine was delivering 5-lh.p. The only 
difference in the high-power points is an increase in stator copper 
loss, and in rotor copper loss at standstill, both being due to the 
increased resistance at higher temperatures. Even though the 
mechanical construction was superior to that of the first machine 
and a smaller air-gap was obtained, the peak efficiency was 
reduced to 46%, with n = 4-67 as before. The theoretical 
calculations based on eqns. (2) and (3) enabled an explanation 
of the poor performance of the second machine to be given. 
Fig. 13(a) shows that the low efficiency is largely due to excessive 
stator copper loss. The ratio between the stator and rotor 
copper losses at standstill is seen to be about 0-82 and, had 
the coupling been good, the efficiency might have approached 
the value calculated from the simple theory? which showed that 
for ¢,/r = 0, the output was equal to n times the rotor copper 
loss, and that rotor and stator current densities were equal. 
Using this theory, and neglecting iron loss and exit-edge loss, 
an efficiency of 4-67/(4:67 + 1 + 0:82) = 72% would result. 
However, it is clear from Fig. 13 that the stator copper loss at 
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Fig. 12.—Velocity discrepancies for 45° pre-skewed machine. 

(a) @ = 33°. 

(b) @ = 57°. 
full-load slip of 1/(# +1) is a great deal bigger than 

(0-82 x output)/4-67. 

Eqns. (7) and (8) may be used to predict the efficiency provid- 
ing the value of ¢,/7 is known. The value of 7 was measured 
using the standstill method described in Section 4.1 and was 
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found to give a value of ¢,/r = 3-1. For this value, the peak 
torque occurs at approximately 25% slip. 

Using eqns. (7) and (8) for n = 4-67, the output per unit of 
stator copper loss at a slip of 25% is 1-36p,/p, units. The 
corresponding rotor copper loss per unit of stator copper loss 
is 0-51 p,/p,. Hence the efficiency predicted is 


1-36 
0:82 


136 O51 
0:82 ' 0-82 ) 


The difference between this value and the measured efficiency is 
presumed to be due to iron loss and stator exit-edge loss. The 
high value of ¢,/7 in this second machine compared with the 
first is due entirely to the increase in pre-skew which was effected 
whilst maintaining the same number of poles at top speed. 
This reduced the pole pitch by cos 634°/cos 45° = 0:63. Had 
not the air-gap been reduced at the same time, the value of 
t,/7 in the first machine would have been multiplied by (1/0: 63)? 
to become 5:0, and the efficiency would have been even lower 
than 46%. Comparison of the first two machines brought out 
clearly the fact that, on a given frame size, severe penalties were 
incurred by demanding too small a pole pitch, which in this 
case was the result of demanding too high a speed range. 
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When @ was changed, the efficiency remained fairly constant: 
and the properties of the machine at 6 = 6, poor as they were: 
were made very little worse by the reduction of 8, as is illustrat 
by the results of load tests at angles of 45° and 27° shown i 
Fig. 13(6). The relevant velocity discrepancy diagram fon 
@ = 27° is shown in Fig. 14. | 
(4.2.2) A Machine with a Small Pole Number. | 

One further experiment was performed on the second machine: 
The 4 x 4-67 pole winding was replaced with a 2 x 2-33 pole: 
2-slot per pole per phase winding. The results showed that the 
peak efficiency of 45° was now much nearer that predicted b 
the simple theory, i.e. 2:33/(2:33 + 1 + 0-82) = 56:0%. The 
value of 7,/7 for this motor is one-quarter that of the 4 x 4-67 
pole machine. 


(5) THE DESIGN EQUATIONS OF A PRE-SKEWED 
MACHINE 

After the experiments on the 2-block type of machine had 
been completed, it was clear that certain parameters could be 
adjusted to give optimum performance for a given frame siz¢ 
and speed range. For example, it seemed likely that a machine 
with a 14in-diameter rotor having a 2:1 speed range woul 
have the best efficiency if n were chosen to be between 2-38 
and 4-67. 
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4 Having verified the theoretical arguments outlined in Sections 1 
and 3 for the behaviour of pre-skewed machines, and being 
‘convinced that designing for optimum performance at top speed 
is advantageous, the authors set out the rules of short stator 
‘theory in the form of fundamental design equations for pre- 
skewed machines as follows, the full-load condition being taken 
to occur at a slip of 1/(” + 1). 


(5.1) Rotor Time-Constant 


The arc length subtended by one stator block in the direction 
of motion of the rotor when @ = 6) may be expressed as 
‘ky X 2mr, where r is the rotor radius. 

The pole pitch in the direction of motion of the rotor in this 
position is 27rk,/n, whence the pole pitch p in the direction of 
motion of the stator m.m.f. is (27rk,/n) cos 9. It follows that 


— Appg _ 167r?k{pUL9 Cos? Io 


5 <x 10-? in C.G:S. units. 
TPS W p,8 


The time ¢, spent under the block at synchronous speed is n[2f, 
where fis the supply frequency. Hence 

* n>p,g10? 

Tt  32fpqmr2k? cos? Oy 


t 


= K; (say) . (11) 


(5.1.1) Rotor Copper Loss. 

For perfect coupling, the rotor copper loss would be 
4p,J2 x (block area). For ¢,/7 # 0, the rotor current is modified 
and the copper loss is calculated in accordance with eqn. (23) of 
Section 10.1. As this is a complicated function of n and K; it 
is convenient for the purposes of design to write the rotor copper 
loss as 4p,J2k, (block area), where k, can be read from a set 
of curves for different values of m and K; from eqn. (23) 
when desired. It is also convenient to calculate in terms of the 
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current per slot, whence the chording factor ks must be intro- 
duced to give 


Sp J 2k. 
read (block area) = rotor copper loss = K; 


For a rotor of axial length equal to rotor radius (i.e. « = 60°) 
the total spherical surface area = 2mr*, whence the block 
area = 4mr?k, and 


Kk = 2nr7k 1 p,J ek, i (12) 


(5.1.2) Flux Density. 


Since the flux density is non-uniform it would be advantageous 
to utilize available space for winding where the flux density was 
low, i.e. at the entry edge. The method of construction proposed 
prohibits graded slot sizes, however. In any case a graded 
machine would be limited to rotation in one direction only. 
The punchings must, therefore, be designed to contain the peak 
flux density, which at full-load slip occurs at the exit edge. The 
fact-that the density at the edge may rise above this value for 
slip less than 1/(n + 1) is not thought to be serious, as it affects 
only a small fraction of the stator. 

Eqn. (22) of Section 10.1 shows that at a slip of 1/(n + 1) 
the flux density at the exit edge is 


PrJsmn + 1) 
Dae eae 
iG = I 
po [t + (SEY) | 
If the ratio of slot width to slot pitch is k,, the peak tooth 


density is B,/(1 — k,), which after substitution for p gives the 
flux density (K,) as 


(1 + exp — ¢,/7)10° 


p-Ja + 1)n(. + exp — ¢,/7)108 a3) 
Mark hoon 0 lee on E +(* us | 


TW 


Kk, = 


(5.1.3) Stator Copper Loss and Slot Leakage Reactance 


To produce given values of J,, stator copper loss and slot 
leakage reactance are interdependent, the deeper the slot the 
higher the leakage reactance, but the lower the copper loss. 


Pe (slot pitch) 
(area of copper section in a slot) 


The stator resistivity p, = 


where p, is the resistivity of copper. 

For S slots/pole/phase, the slot pitch in the direction of 
motion of the field is 2ark, cos 6/3Sn; the slot area is 
2mrk,kd cos O9/3Sn, where d is the slot depth; and the area of 
copper in a slot is 2mrk,kyk3d cos 0/3Sn, where k; is the packing 
factor. 

tpJ2 
Thus the stator copper loss K, = = 2 (block area) or 
5 


as 2ar7k pj? 


= 14 
4 Rakesh Set 


It is convenient to assess the slot leakage reactance in terms of 
the voltage drop it produces relative to the component V, of 
the supply voltage in phase with J, which produces the power 
output, so that we may write 


4p,J2 (block area) __ pxJs 
4V,J, (block area) V, 


stator copper loss _ 
power output 
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Writing k4 = J,X,/V,, where J,X, is the reactive voltage, then 
stator loss _ p,Js i Pska (15) 
output eX X, 


X,/p, is a quantity which depends only on the geometry of a 
slot. As illustration, it is simply assumed here that an open 
slot is completely filled with a matrix of copper and insulation, 
evenly distributed, so that the slot permeance is d/3w, where w 
is the slot width, whence X, = 47. d. 27f10~°/3w whilst 

Pec X; be 82rd*fk; 10-9 


= hy cose 
fs wdk 3 = Ps 3 Pe 


Eqn.’ (15) now gives 


ie a 82r2d2fk310-°Ky4 
4" 3p, (output) 


Curves of output/n (rotor copper loss) are plotted in Fig. 15 
against 7,/7 for various values of 7 for a slip of 1/7 + 1). It 
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Fig. 15.—Theoretical curves of ‘ 
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is apparent that, to a first order of approximation, for ¢,/7 in 


the range 0-5 — 2-0, the output may be expressed as 0-9nK,, 
whence 


82r7d2fk 3K, 10-9 
ie 2:7p.nK, (16) 


(5.2) Design Procedure 
Eqns. (11)-(14) and (16) may be rearranged with the 
quantities which are being chosen and subsequently regarded as 
fixed on the right. The quantities p,, J,, kj, K, and d are 
regarded as variables in a technique which appears to have 


advantages. Thus: 
32mr7k3 Uf cos? OoK- 
p, = — Has 10-9 (17) 
Kk 
Pe Hes) 
Bi 2ar2kk. (8) 
n+l 2 
4nrk, f cos Gok + ( K;) 
_ Prods = Si it Ce i lara ig St yee 10-8 19 
i n(n + 11 + exp — Ky) (19) 
2nr7k 1 p,J2 
keodK a els: 
2' 4 k3k2 (20) 
dK, ae 2:7k4p.nK, 109 (21) 


822 fk; 


The procedure suggested is as follows: The rotor copper loss 
is fixed for a particular value of r by the number of watts per unit 
area which can be dissipated by the cooling arrangement. For 
a machine of given output, the radius is therefore fixed by the 
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fact that the output is nearly 7 times the rotor copper loss andi 
that n has been chosen by experience*; cos Op is fixed by the: 
speed range demanded; g is set by considerations of mechanica | 
construction and pole-face losses. By starting from the output 
and choosing r for maximum dissipation, an attempt is beingy 
made to obtain minimum frame size. The remainder of they 
design is aimed at optimizing the efficiency and minimizing thes 
stator cooling problem. A value of K3 is chosen. Then p, is 
calculated from eqn. (17). Having obtained p,, J, can be 
calculated, and so on, until eqns. (20) and (21) remain with 
only d and K;, as variables. Solution of this pair of equations‘ 
for K, completes the first run. Now K; is changed and a 
repeat calculation indicates the trend in K,. Then K; is varied 
until K,is a minimum. This minimum value is either acceptable 
or not as regards heating or efficiency. If it is unacceptable, 
n, r and K, are the parameters which may be changed. 

The theory which would enable power factor to be predicted) 
is incomplete. In the absence of an exact formula the 
expression 


np 
[ Bas 
o shall + P| tant 
Pr 
Bods 
Ne 2 


is a rough guide, where the integrals represent the areas under 
the B,/distance and B,/distance curves respectively, and cos 
is the power factor. Substituting for B, and B, at o = 1/(n + 1) 
from eqns. (2) and (3) and integrating yields 


ag(ag + 7) — (aj — w\(L + €-) ks 
naz + 72 — 2a (i — e-™)](1 + pJp,) | 1 + pip, | 


L 


tan C 


(5.3) Mechanical Construction 


In specific designs due account should be taken of the unusua 
mechanical loading in a short-stator machine. To this end 4 
calculation of (B? + B?), which is proportional to the magneti« 
force per unit area between rotor and stator, is shown in Fig. 1€ 


DIRECTION OF 
MOTION 


Fig. 16.—Mechanical loading in a 2-block machine. 
for the conditions of full load and running light for t/7 = 
as examples of the type of loading to be expected. The peal 
flux density is taken to be 10000 lines/em? running light and th 
synchronous speed 1 000.cm/sec. ) 

The torque required to rotate the stator has not been full 


_ * The choice of m has so far been limited by the belief that severe penalties an 
incurred by choosing values of m and 0) which demand anything but a whole numb 
of pole pitches of m.m.f. across any given stator lamination. No experimen: 
evidence is yet available to confirm or deny this. Trial designs for 4, 6, 8, etc., pol 
across a lamination rapidly reveals which is the best value. : 


investigated, but experiment has shown that its maximum value 
is about 40% of the full-load torque. A small pilot motor 


driving the stator shaft via a worm gear is considered to be a 
suitable arrangement. 


(5.4) Rotor Construction 


__ The interconnected conducting matrix of the rotor presents a 
4 special problem of its own. For smali machines the obvious 
solution is a cast-aluminium rotor. For larger sizes the rotor 
conducting grid is probably easier to fabricate than to cast. 
F The experimental rotors so far constructed were wound with 
_ tinned copper wire in both directions, together with wires of 
_ Tesin-cored solder. The whole mass was then heated to melt 
the solder. In larger machines it may be desirable to heat only 
_a small section of the rotor at any one time and perhaps make 
the joints between bars and rings one at a time. In this case 
the total number of joints becomes a potent factor in the cost. 
The machines discussed in Section 4 had 150 rotor slots and 
23 rings, making 3450 joints. The rotors were entirely satis- 
factory from every point of view, and it was decided to build a 
further rotor for comparison which had only 54 slots and 7 rings 
(378 joints). The cross-sectional area of copper per centimetre 
of periphery was the same as before. The main external effect 
of a reduction in the number of joints was an apparent increase 
in rotor resistivity, in this case about 33°%%. Other evidence 
supporting this view was the reduction in the ratio peak/stand- 
still torque values and the value of slip at peak torque. The 
other effect was a reduction of power factor, which is thought 
to be due to a combination of increased rotor slot leakage and 
zig-zag leakage. This theory is supported by evidence supplied 
by the stator exit-edge loss, which was about 15% smaller in 
_the case of the rotor with the coarse structure. Increased rotor 
leakage increases the value of 79. 
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5 (6) OPERATION AS A GENERATOR 


It was pointed out in Reference 2 that the spherical machine 
could be used as a generator by driving it above the demanded 
_ speed. This property could be utilized for such purposes as 
_ regenerative braking or for more continuous operation, such as 
- providing a constant-frequency power supply from a variable- 
speed mechanical source. eat 

Egns. (2) and (3) may be used to predict the performance at 
negative values of slip. Table 1 gives a list of some of the 


: 


Table 1 


DESIGN QUANTITIES 


Generator 


1 1 


Full-load slip Wea Bee aap 
Torque X Ws (n + 1) x rotor copper | (n — 1) x rotor copper 
loss loss 


Torque X w n X rotor copper loss | n x rotor copper loss 


Efficiency at ieee i eel n — 1 — (pslpr) 
full-load slip n+1+ (pslpr) n 


nnn nt tdt Essa 


important quantities in the design of a short-stator motor and 

their corresponding values for the machine used as a generator. 
~ The efficiency is lowered when the machine is run as a generator, 

and the electrical power output as a generator is less than the 
mechanical output as a motor for the same rotor loss. 


AND DESIGN OF SPHERICAL INDUCTION MOTORS 


481 


(6.1) Experimental Results 


The 45° pre-skewed machine was tested as a generator. The 
results of a load test are shown in Fig. 17, and an experimental 
flux analysis is shown in Fig. 18. The efficiency as a motor is 
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Fig. 17.—Performance curves of a machine used as a generator. 
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Fig. 18.—Flux distribution under a stator block when generating. 


lower than that in the previous tests owing to the use of a larger 
air-gap. The lines in Fig. 18 indicate the flux distribution 
predicted by eqns. (2) and (3). Clearly the performance as a 
generator can be predicted in a similar manner to that for 
operation as a motor. No detailed design procedure has been 
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attempted for a machine specifically built for use as a generator, 
but it appears that for a given output a generator would be 
slightly larger and have rather more poles than a motor of the 
same output. 


(7) CONCLUSIONS 


The main feature of the development work described concerns 
the design of machines with an angle of pre-skew. The 
advantages of this type of construction are considerable. The 
experimental work on the machine with 0) = 45° showed 
convincingly that the theory developed for this type of machine 
was substantially correct. It appears that on a 14in-diameter 
rotor, a 1:5: 1 speed range is just about as large as can be 
obtained with reasonable performance. For larger machines, 
where 1 can be increased whilst maintaining an adequate pole 
pitch, higher speed ranges are clearly possible. The tests on 
the second machine with a 2 x 2-33-pole block reveal a rather 
exaggerated feature, which occurs to a lesser extent even in 
machines of superior design, namely, on a given frame size the 
best characteristics are not necessarily given by the greatest pole 
number which gives adequate pole pitch. The technique of 
designing for 6 = at top speed is clearly a good one. The 
efficiency of the 634° skew machine, poor though it was, was 
substantially maintained at reduced angles. The properties of 
the 45° skew machine at reduced speed were certainly good. 
The first machine may, in fact, be regarded as a more or less 
correctly designed machine for 1-4 : 1 range. 

Much work remains to be done on the design. The five 
equations at present used give a broad outlook as to the general 
effects of changes in various parameters. These equations may 
conveniently be modified to a ‘per unit area’ basis as suggested 
in Reference 4. Factors which have been neglected include rotor 
leakage, zig-zag leakage, end-turn leakage, and Carter’s 
coefficient, all of which are very difficult to contemplate. The 
rotor leakage does not contribute any large effect, since the 
rotors of short-stator machines are of much higher resistivity 
than their conventional counterparts. Rotor slots in spherical 
motors tend to be very shallow. Neglect of the other 
leakages affects the design mostly in respect of the predicted 
power factor. 
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(10) APPENDICES 
(10.1) Evaluation of Torque and Losses 
(10.1.1) Rotor Copper Loss. 


To simplify the integration the following substitutions are? 
made: 


ni 
a = —— 
®  -To(i— 6) 
7TOn | 
by = + 
o Le . 
i= | 
0 Tw 
— 5 
ie 


Eqns. (2) and (3) thus reduce to: 


Prd’; Gj 2s Co: 
B, ra ‘& r 2)! € a(cos box + 5 in box) 


_ Pes £0 ) “As Fg Mi ait © ) 
a mika? tae [ E cos box aoe 


prdz 
(ou,)*[1 aie (¢o/o)] 


(B2 + B) = [1 — 2e—%* cos box + E~ 240%] 
(22) 


t 


From egn. (7), ; 


rotor copper loss = 


np 
258 p 

Sh Jz — ate ( B2 at B2 a 

= I | pun" inn) om 


prJ2npes ane Te 
ne Q ‘fas es (cos box - © sin bx) ax 


+. ed Be 
aie | (1 — 2e~0* cos box + €7740*)dx 


After integration and rearrangement the rotor copper loss is’ 
given by 


o e 


rotor copper loss = 


2a, 
E = 2 = a sin by + bo cos bo)e~% 


, a(aq — 39) “eta | (23) 


Dag bee oe 


(10.1.2) Torque. 
Rewriting eqn. (8) in terms of ap, bp and co, 


1 
3 nee, — E74 a box + = sin box) las | 


= tp,J2n, a0 {° ee 


[2agbp cos by + (a3 — BR) sin bo] — = hs me | | 


(10.1.3) Exit-Edge Loss. 


Using eqn. (10) and substituting for B? + B? from eqn. (22) 
with x= '1, 


tpJze( — o) 
is 
u,877 Lg" (o" + c3) 


a 
P, = (1 — 2€~% cos by + E240) 


bs tp,J2np a 
2(a2 + 2)\(1 — o) 


_ Eqn. (26) is plotted in Fig. 8 for n = 4e 


2e~ ® cos by + e720) (26) 


(10.2) Velocity Discrepancy for 2-Block Pre-Skewed 
Construction 


At the neutral position each part of the rotor surface crosses 
_ the same number of equally-spaced stator slots as it passes under 
_ one block. Therefore the slotting is everywhere such as to 
correspond with constant skew in an equivalent flat machine. 
_ This may be alternatively stated as follows: 

; When the rotor axis is used as the axis of a cylindrical pro- 
_ jection in which equal angles of latitude and longitude are 
plotted as equal distances, the slots appear in this projection as 
straight lines. With the stator in the central position (0 = 0) 
y the path of any point on the rotor also produces a straight line, 
4 since rotor paths are lines of latitude. If the rotor is turned 
3 through an angle ¢ with respect to the stator, the projection of 
_ the path of a point on the rotor is no longer a straight line. 
| Fig. 19 illustrates the problem. 
' 
4 
4 


Fig. 19.—The problem of change of spherical axes. 


A point A on the rotor is defined by spherical co-ordinates a 
and b with respect to a point B when the angle 0 = 4p. 

The co-ordinates of this same point after the rotor has been 
turned through an angle ¢ about axis through B are a’ and like 


Then cos c = cos acos b from A. ABC (27) 
oe Eee from A ABC . (28) 
‘sinb sinc +/(1 — cos? acos? b) & oo. 

SIE chp) he gales MLE GEA BC (29) 
sin b’ sinc sinb 
cos c = cosa’. cos b’ from A BEF (30) 
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Substituting in eqn. (28) the value of sin b’ from eqn. (29), 
sin b’ = sinbcos ¢ + sind cosbsina . (31) 
and using eqns. (27), (30) and (31) 
et cos acos b 32) 


4/{1 — (sin b cos + sin ¢ cos b sin a)’] 


From eqns. (31) and (32) the projected co-ordinates of a point 
on the rotor surface can be calculated. 

The path of the rotor edges is indicated and the area common 
to rotor and stator is shown shaded in Figs. 12 and 14. 

The problem of calculating the field velocity in the direction 
of motion of the rotor at any position under the stator block 
at any angle ¢ is again a problem of two systems of co-ordinates. 
The problem is illustrated in Fig. 19. For a 45° pre-skew it 
will be apparent that if an observer starts from B and moves 
a’ degrees along the direction of BE and then b’ degrees along 
the direction of EF he crosses a’ + b’ slots if there is one slot 
per degree, the sense of the slope of the slots governing the sign 
of b’. The rate of increase of a’ + b’ with a’ at fixed b, which 
is proportional to the stator field velocity in the direction of 
the rotor, is therefore 1 + 0b’/da’. Note that b is fixed because 
a point on the rotor always moves along a line of latitude. 
When a point (a’, b’) on the stator block has been chosen, the 
latitude b of the point on the rotor which passes under (a’, b’) 
when the stator is in the position i) is defined by eqns. (31) and 
(32). The rate of increase of longitude a of this point, i.e. the 
actual rotor angular velocity, is given by da/0a’ at fixed b, and 
the rate at which a point on the rotor cuts the stator slots is 


given by 
ae 


For the Figure as drawn, the sign of 0b’/0a’ is negative; this is 
now used throughout for the sake of clarity. 

The latitude b which passes under (a’, b’) for the position 0 
is found by solving eqns. (31) and (32) for sin b. 

Thus, substituting for sin a in eqn. (31), 


(33) 


sin b’ = sinbcos¢@ + sing cos by/[1 — (cos? a’ cos? b’)/cos? 5] 
where ¢ = (8 — 4). 


This yields the quadratic in sin b as follows: 
sin? b — (2 sin b’ cos ¢) sin b 

— sin? (1 — cos? a’ cos* b’) + sin? b’ = 0 

Whence 


+ 4/[sin2 b’ cos? ¢ + sin? A(1 — cos? a’ cos? b’ — sin? b’)| 


sin b = sin b’ cos ¢ 


which reduces to 


sinb = sinb’ cos ¢ + sing sina’ cos b’ . (34) 

Consideration of the geometry will show that the relevant sign 

to the particular problem being studied is the negative one. 
From eqn. (31) 


cos b’ a ii sin ¢ cos b cos a (35) 
da 
From eqn. (32) 
da’ _ sin acos b cos? b’ — sin b’ cos” a cos* b sin i) - 66) 


da sin a’ cos? b’ 
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From eqns. (35) and (36) 


ob’ sin ¢ cos b cos a cos? b’ sin a’ 


= - 37) 
da’ cosh’ (sinacos bcos? b’ + sin b’ cos” acos? bsin ) ( 


Using eqns. (33), (36) and (37) 


sin ¢ cos b cos a 
cos b’ 


sin b’ cos? a cos? b sin d 
cos? b’ sin a’ 


sin a cos b 
cos b’ sin a’ 


Substituting for sin a cos b from eqn. (31), for cos a cos b from 
eqn. (32), and for sin ¢ from eqn. (34) and simplifying, 


K = tanb’ sind sina’ + cos d — sin ¢ cos a’ 
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For given values of ¢ and K, this is the equation of the line of 
constant slip over the stator block. 
By scaling K so that its value at x = 0, y= 0 is unity, lines 
of constant y can be drawn as defined in Section 4.1.2. These} 
are plotted for a 45° pre-skew in Figs. 12(a@) and 12(6) for; 
@ 23.33" and 57°: 
If the angle of pre-skew is not 45°, eqn. (33) is modified to reaal| 


ob’\ J 0a 

—_— + as a 

K=(ct so) og 

where c is the number of lines of longitude crossed per line of 
latitude by a point moving along a slot. For a 634° pre-skew, 


c=4. The plotted values of y for 6 = 27° for a 634° pre-> 
skewed block are shown in Fig. 14. | 


DISCUSSION ON 


‘APPLICATION OF A VARIABLE-REACTOR/CAPACITOR COMBINATION 
FOR REVERSING AND CONTROLLING THE SPEED OF 
POLYPHASE INDUCTION MOTORS’* 


Mr. E. De Baets (Belgium: communicated): In the paper it is 
shown that the locus of J, at standstill is a circle on a chord 
O’S; the torque is proportional to O’X (Fig. 4). This is a special 
case of a more general property: when an external impedance 


Ze => Z,€i%e = IRE + jX, 


is introduced in one of the supply lines of a 3-phase induction 


Fig. A 


motor, the locus of J, at standstill is a circle (Fig. A) including 
on the chord O’S an angle 


a= — |b, — del 
@, being the angle of the motor impedance per phase at standstill: 
Z, = Zeit = R, + jX, 
When ¢, is negative or positive but smaller than 4,, the circle lies 
on the left of O’S; when ¢, is positive and greater than ¢,, on 


the right. The torque remains proportional to O’X. It can be 
* SREENIVASAN, T. V.: Paper No. 2697 U, October, 1958 (see 105 A, p. 522). 


proved without difficulty that the ratio of the magnitudes of Z, , 
and Z, is j 
Zi 1 PS eve 


Zz, 2 PO. ee 


according as the machine is A- or Y-connected. . 
When Z, is a pure reactance jX,, the circle becomes that of ’ 
Fig. B (corresponding to circle J, of Fig. 4); the arc O’P’S 


Fig. B 


relates to capacitance; the arc OPS to inductance. In this 
case the torque is zero at point O’, where PO’ = 0; hence 
Z, = © and at point T, where (for a A-connected machine) 


Zin ES 1 R2 + X2 
= _==- or Z, = —— 
Z,. 2.10". 28M S, 2X, 
and not R/2X, + X2/Z, as indicated in the paper. The value 
of Z, = —X, is also found by equalizing at zero the difference 


VE is ba 
R2 + (X, + X,)? — X2 =0 


Prof. T. V. Sreenivasan (in reply): I thank Mr. E. De Baets 
for pointing out the error in treating X2/2.X, as X?2/Z,. I also 
thank him for the interesting theoretical contribution that at 
standstill the locus of J, is a circle as long as the argument of Le 
is constant. 
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SUMMARY 
The torque convertor differs radically from any other type known 
It depends for its operation upon the 
phenomenon exemplified in Faraday’s disc and constitutes, theo- 
retically, an ‘infinitely variable’ gear whose ratio can be varied over a 


_ wide range. 


This paper is limited to a brief description of the basic principles 
and some details of the experimental results obtained from tests on a 


_ simple model. 


LIST OF SYMBOLS 
7 = Current in main circuit. 
@®, = Total flux linking rotor 1. 
®, = Total flux linking rotor 2. 
I, = Current in exciting coil for rotor 1. 
I, = Current in exciting coil for rotor 2. 


V, = E.M.F. induced in rotor 1. 
V, = E.M.F. induced in rotor 2. 
N, = Speed of rotor 1. 
N, = Speed of rotor 2. 
T, = Torque applied to rotor 1. 
T, = Torque applied to rotor 2. 


R = Resistance of main current path. 
@ = Angular velocity of a rotor. 
v = Linear velocity of a point in a rotor. 
r = Distance of a point from shaft axis. 
B = Flux density at a point in one rotor. 
ds = Length of an element in one rotor measured in the 
direction in which the e.m.f. acts. 
K = Constant. 


(1) INTRODUCTION 


There are a number of ways of transmitting power from one 
rotating shaft to another so that the torque ratio and/or the 
speed ratio can be varied smoothly. Electromagnetic methods 
of doing this suffer from the disadvantage that the machines 
required are usually bulky and/or inefficient. For example, if 
the input power is transformed into electrical power by the 
conventional type of d.c. generator, and is then fed to a conven- 
tional d.c. motor, the desired effect is achieved, but the equip- 
ment is too large and heavy for many purposes. Again, if the 


power is transmitted via a rotary magnetic field (for example, if 


the input shaft drives a rotary d.c. field system, which, in turn, 
drives a squirrel-cage winding on the output shaft), speed-ratio 
variation can only be obtained by permitting losses to occur, and 
torque conversion is not possible. 

The device described in the paper will permit power trans- 
mission with smooth control over speed ratio and torque ratio. 
With suitable development the machine can he made relatively 
small and light, and is ideally 100% efficient at all times. The 
device has been called the conduction drive. 


Dr. Bishop is at Watford Technical College and was formerly in the Electrical 


Engineering Department, The Polytechnic, London. 
Dr. Brosan is at Willesden Technical College. 


(2) PRINCIPLES 
(2.1) Basic Construction 
The torque convertor consists basically of a homopolar 
generator coupled to a homopolar motor, the two being in close 


proximity under a common housing. A simplified form of con- 
struction is shown in Figs. 1 and 2. 


STATOR 


EXCITING 
COE t= 


EXCITING 
COIL 1 


Fig. 1.—Diagram showing main components of the torque convertor 
and the general directions of the magnetic flux and current paths. 
The gaps between rotors and stator are not drawn to scale. 
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Fig. 2.—The main constructional details of the torque convertor. 
The left-hand diagram is a section at XX. 


Two solid cylindrical rotors, made of high-permeability 
material, are connected to input and output shafts, respectively, 
and housed in a stator. The gaps between the rotors and 
between each rotor and the stator, radially and axially, are 
fairly small (of the order of 0:015in). The stator is also made 
of high-permeability material. It houses two exciting coils, as 
shown in Fig. 1, and a copper squirrel-cage winding comprising 
two end-rings connected by bars running axially, as shown in 
Fig. 2. An iron tube lies inside the squirrel cage but does not 
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extend beyond the end-rings. The housing is completed by two 
end-plates, which contain mercury seals. and bearings capable of 
taking both axial and radial thrusts. 

The inside surfaces of the stator and end-plates, and the sur- 
faces of the rotors, are covered with a thin layer of insulating 
varnish with the exception of (a) the inner face of each end-ring, 
(6) the part of each rotor surface immediately opposite the end- 
rings, and (c) the adjacent faces of the rotors. 

The spaces between the rotor and the stator are filled with 
mercury. 


(2.2) Simplified Theory of Operation 


When direct currents, J; and /,, are fed into the exciting coils, 
magnetic fluxes @, and ®, are set up in the stator and rotors as 
shown. The flux density in each rotor will, of course, vary in 
both radial and axial directions, but in the first instance this 
non-uniformity will be ignored. 

When rotor 1 is driven at a speed Nj, an e.m/f. 


V; — K®,N, 


will be induced therein. A current J will thus flow through the 
stator squirrel cage, rotor 2 and rotor 1 via the mercury in 
the gaps. 

The current J, together with the flux ®, linking rotor 2, pro- 
duces a torque on rotor 2, and it will rotate if free to do so. 
It is clear that 


7T, O1 OO, 
Tt, Ol ®, 
Thus any desired torque ratio (positive or negative) may be 
obtained by varying the magnitudes and/or directions of the 
exciting currents J, and J). 
The speed ratio will be influenced by the losses occurring in 
the machine. If the generated e.m-f. is 


V, = KQ,N, 
the back e.m.f. generated in rotor 2 is 

V, = K®,N, 
Then V,— V,=IR 


from which the ratio N,/N, may be determined if all other losses 
are ignored. 


(3) MORE RIGOROUS THEORETICAL TREATMENT 
(3.1) Flux, E.M.F. and Current Distribution 


In each rotor the flux density is far from uniform, and the 
current path has a large widely-varying cross-section. Thus it 
is not possible to determine th- exact current distribution by 
analytical methods. However, some simplification is possible 
as follows: 

Consider an element at point X (Fig. 3) ata radius r. If w is 
the angular velocity of the rotor, the linear velocity of the 
element is v = wr so that an e.m.f. will be induced in the 
element 

Buds = Burds 


The magnetic flux linking the element is 
6M = Bards 


_ Bards 


5D 


or SV OD 
27 


TOOT 
POSS 


Fig. 3.—Diagram illustrating the derivation of the e.m.f. equation. 


The full Jines represent part of the magnetic flux linking the rotor. The dotted lines 
are orthogonal to the magnetic lines of force and give the directions of the e.m.f.’s } 
acting in the rotor. 


Thus the total e.m.f., V, induced in the rotor is 


WwW WwW 
[av= | $40 =F 
= Pe x Total flux linking the rotor 


In other words, V is independent of the distribution of the 
magnetic flux, but is directly proportional to its magnitude. " 

It.is possible to draw an ‘e.m.f. field’ (as shown in Fig. 3) 
which is orthogonal to the magnetic field. Were it not for the. 
resistance of the rotor, this would give the directions of current | 
flow at all points. It may be useful, however, as a first | 
approximation. 

Thus, although the equations V; = KM,N, and V, = KD,N, 
are substantially correct, R is merely an equivalent value and may 
vary appreciably as the current distribution changes. | 


(3.2) Armature Reaction 


The path of the current J is a single-turn toroid and it sets up 
an m.m.f. acting in a circumferential direction. Were it not for 
saturation effects, this m.m.f. would not affect the induced e.m-f. 
However, it can be shown that, even when the rotor iron is fully 
saturated in a circumferential direction, it is possible to obtain 
reasonable variation in the component of flux density which lies 
axially-cum-radially (i.e. the component which determines the | 
magnitude of the e.m.f.). | 

Nevertheless, it is desirable to reduce the effect of the m.m.f. 
of J, and this may be done by inserting in each rotor one or more : 
radial non-magnetic inserts, to increase the reluctance in a circum- 
ferential direction. 


(3.3) Losses 
(3.3.1) J2R Losses. 

By suitable design the J*R losses may be made very small, the 
limiting factor being, in most cases, the weight of the machine. 
It is thought that the losses due to any contact resistance between 
the mercury and iron or copper are negligible. The copper 
squirrel cage in the stator (Fig. 2) has been inserted solely for 
the purpose of reducing the stator resistance, and squirrel cages 


could be used for this purpose in the rotors but other factors 
may make it undesirable. 


(3.3.2) Tron Losses. 


If the flux density in the gaps between the rotors and the stator 
is uniform in a circumferential direction, there will be no iron 


a ee ee 


$0 increase the viscosity losses. 
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losses in the machine. This can be seen from the fact that 
around any closed path in the rotors the em. is zero, provided 


_ that there is no time variation of the flux. On the other hand, 


if axial copper bars are inserted in the stator and/or the rotor, 
flux pulsations, and consequently iron losses, will occur in nearby 
regions of the stator and/or rotor due to reluctance changes. It 


_ is a simple matter to reduce this effect to a negligible value by 


“closing the slots’. In the example of Figs. 1 and 2 this has been 


| done by inserting an iron tube in the stator. 


(3.3.3) Mechanical Losses. 


In addition to the frictional losses at the bearings, there will be 
losses due to the viscosity of the mercury. With laminar flow 
and a uniform velocity gradient across the gap, the mechanical 
losses in the mercury would be quite tolerable because its 
viscosity (0-015 poise) is quite small. Turbulence will inevitably 
occur and cause a substantial increase in loss. This is most 


_ likely to occur in the regions by the outer adjacent edges of the 


two rotors. 
However, this is not solely a hydrodynamic problem. The 
mercury is an electrical conductor, and, as it moves in a magnetic 


_ field, currents are induced in it, and both hydrodynamic and 
- electromagnetic forces act. 


Let us consider, for example, the 
mercury around the periphery of a rotor adjacent to the stator 
insulation. Whereas the hydrodynamic forces alone tend to 
produce a uniform velocity gradient, the electromagnetic forces 


_ will tend to make all the mercury in this region rotate with the 
_ same angular velocity as the rotor. 
- simultaneously, the bulk of the mercury will probably rotate at 


When both forces act 


an angular velocity almost as great as that of the rotor, and 
there will be a steep velocity gradient on the stator side of the 
gap. The effect will be to reduce the gap very considerably and 
Furthermore, the electromag- 
netic forces in the mercury adjacent to the copper end-rings will 
tend to make it remain stationary. This probably increases the 


' velocity gradient near the rotor surface and also creates turbu- 


lence in the region by the inner edge of the end-ring, where the 
electromagnetic forces have the former tendency. 

The problem is receiving attention and is being investigated 
analytically and experimentally. 


(3.3.4) Leakage Current Losses. 

Even if the stator and rotor insulating films are sound enough 
to prevent leakage currents from flowing in the stator, such 
currents must flow through the mercury at the periphery of each 
rotor. Fortunately, the effect (mentioned in Section 3.3.3) 
which causes the mercury to rotate with the rotor also tends 
to reduce the leakage current to a minimum, since that portion 
of the mercury which rotates with the rotor is, electrically, 
part of the rotor and has induced in it e.m.f.’s tending to produce 
current which contributes to the main current J. 

The problem is bound up with that mentioned in Section 3.3.3 
and is being investigated. with it. 


(4) AN EXPERIMENTAL MODEL 
(4.1) Construction 


A model of the form shown in Figs. 1 and 2 was constructed 
and tested. The stator and rotors are solid and of low-carbon 
steel. The stator squirrel cage was formed by machining the 
stator and casting-in high-conductivity copper. The inner faces 
of the stator and the rotors were nickel-plated to resist any 
electrochemical action with the mercury. The stator and rotor 
insulation was insulating varnish applied with a brush and subse- 


quently baked. 
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Each rotor shaft runs in a pair of tapered roller bearings to 
prevent axial movement under the considerable end thrusts which 
exist when in operation. High-quality carbon seals are fitted to 
each shaft near the rotor. 

The overall dimension of the stator is 14in, and each rotor is 
74in in diameter and has an axial length of 3in. Each exciting 
coil consists of 1000 turns and can safely carry a current of 
1-Samp continuously. 


(4.2) Experimental Results 


The open-circuit e.m.f. was measured by removing one end- 
plate and rotor, and touching probes on the periphery of one 
rotor and its shaft. The e.m.f. was 0-7 volt at 1500r.p.m. with 
full excitation. The machine was fully assembled and tested 
with various excitations and loads, and the following observa- 
tions were made. 

The maximum overall efficiency obtainable was 45% with 
an output of 3-1h.p., input and output speeds of 1000 and 
700r.p.m., respectively, and currents of 1-Oamp in each of the 
exciting coils. 

The separate losses for this test were calculated to be of the 
following order: 


F’R loss in main current circuits Re 1-6kW 
Mechanical losses including all losses in mercury 1:1kW 
and leakage losses (if any) 


Iron losses 80 watts 


The effective resistance of the main current circuit was esti- 
mated to be 4 x 10~° ohm, a figure somewhat higher than the 
design value. Thus a current of the order of 20000amp was 
flowing. 

In general, the machine behaved as expected with regard to 
speed-ratio variation, and smooth variation was possible over a 
wide range. The response to rapid exciting-current changes was 
good. In the extreme case the output exciting current was 
reversed rapidly by a switch, and the output rotor slowed down 
and accelerated to full speed in the reverse direction in about 6 sec. 


(5) CONCLUSIONS 


One of the main causes of the relatively low efficiency is the 
unexpectedly large ‘mechanical’ loss in the mercury, and it is 
considered that this will be reduced to a low value when steps 
are taken to minimize turbulence. 

The J2R losses in the main current circuit were also larger than 
expected. A possible explanation is that the shapes of the 
electric and magnetic circuits do not permit the maximum current 
flux linkages, with the result that the ‘effective’ resistance of the 
main circuit is higher than the calculated value (see Section 3.1). 
Another possibility is that the current density over some cross- 
sections of the circuit varies over a wider range than was antici- 
pated. However, it is considered that the above losses can be 
reduced considerably by suitable design. 

The ease and smoothness with which the torque ratio can be 
varied show that it will be possible to build a machine which 
can perform functions not possible with any other of comparable 
size, weight and efficiency. 
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Dr. W. J. Gibbs: Can the authors give, in more detail, the 
field of application of the convertor? They seem to assume, 
in the Introduction, that it can be made to operate satisfactorily 
for quite large powers, but I doubt this. 

The basic construction in Figs. 1 and 2 shows that they have 
exercised much ingenuity in overcoming difficulties. The mean 
flux path is shown to cross two air-gaps, one of which must be 
comparatively large. But the large air-gap can be shunted by 
a path through the roller bearings, so that more than half the 
working flux will pass through the bearings unless non-magnetic 
rings are inserted between the end-plates and the bearings. 

The theoretical treatment is open to criticism. I believe the 
authors’ concepts are inappropriate. We should not think of 
e.m.f.’s and currents in this connection, but of voltage gradients 
and current densities. The concept of an ‘e.m.f. field’, in par- 
ticular, is an unhappy one. Even if the mathematics were 
acceptable, it simply tells us that the total e.m.f. induced in the 
rotor is proportional to the total flux braking the rotor for a 
given speed. I suggest that the authors consider different 
concepts such as the wave-impedance one.* 

A conventional designer will be surprised to find that, according 
to the authors, the armature m.m.f. is ten times the excitation 
m.m.f. It is not a true armature reaction since it has no effect 
on the main field. However, the m.m.f. from the current of 
20kA acts on a path of inherently low reluctance, and we should 
expect that a large number of the radial non-magnetic inserts 
mentioned by the authors would be needed. 

The low efficiency cannot be attributed mainly to the tur- 
bulence in the mercury, because it would only rise to 59% even 
if the mechanical losses could be entirely eliminated. The 
authors give no indication of how much torque is contributed 
by the mercury drag. It would be disconcerting to find that 
most, if not all, of it were transmitted in that way. 

The authors point out that the hydrodynamic and electro- 
magnetic effects are closely related, and each reacts on the 
other. Probably the only rigorous treatment of such a system 
is to set up appropriate tensor equations. The principal diffi- 
culties would then lie in establishing the parameters of the 
system. Such equations might help considerably towards the 
perfection of this convertor by indicating the exact interrelation 
of effects and what losses are avoidable. No doubt the mathe- 
matics would be difficult, but such a theoretical analysis would 
be well worth undertaking. 

Mr. C. J. Carpenter: The authors have made a very simple 
and compact device, but it is essentially a motor-generator set, 
and is therefore bound to be large and heavy in relation to its 
power rating. The model confirms this. It is interesting to 
speculate whether there is fundamentally any advantage in size 
to be gained by using the homopolar instead of an appropriately- 
designed heteropolar arrangement. The output coefficient of 
homopolar machines is not inherently large, and the simplicity 
is, to some extent, offset by the disadvantages of mercury brushes. 

The main feature of the test results is the 1-6kW J2R loss. 
It would appear that a better balance between magnetic and 
electric requirements could be obtained by adding a rotor 
‘winding’, i.e. a series of radial copper inserts. These might 
improve the magnetic as well as the electric performance, since, 
with a current of 20kA, the armature reaction effect is evidently 
such as to produce complete saturation of the iron unless a 
circumferential air-gap is included. It is not stated in the paper 
whether non-magnetic inserts were included. This is one of 


* CULLEN, A. L., and BARTON, T. H.: ‘A Simplified Electromagnetic Theory of the 
Induction Motor, Using the Concept of Wave Impedance’, Proceedings I.E.E. 
Monograph No. 283 U, January, 1958 (105 C, p. 331). = he, 


several important details of the model and of the tests which’ 
have been omitted. 

The title of Section 3 is hardly appropriate. The result which 
is obtained in Section 3.1 can be written down by inspection, 
and the remainder of the discussion is entirely qualitative. 
The voltage induced in a conductor moving through a constant 
magnetic field is given by the flux cut per second; since the flux 
cut per revolution is ® the e.m.f. is (w/27) x @. The authors’ 


use of the word ‘linkage’ is misplaced since ® does not link the — 


rotor, nor does 6® link the element. 


The ‘e.m.f. field’ referred to in Section 3.1 is evidently the | 


induced electric field, and I am puzzled by the authors’ avoidance 
of the term. They remark, ‘Were it not for the resistance of the 


rotor, this (field) would give the directions of current flow at all | 


points’. 


In fact, the resultant electric field (and therefore the current | 


vector) in the. rotor may correspond approximately to the 
induced field when the resistivity is sufficiently Jarge, but not 
when it is small. 

A less obvious objection to the authors’ statement is revealed 
by a more detailed analysis of the machine. The current vector 
must be continuous, 


1c. divJ =0 


whereas this is not true of the induced electric field. The two 
fields cannot therefore be similar. The induced field is given by 


En 2 


from which fi) 


div E’ = B.curlu = 2wB 


This field is not given by Maxwell’s equations, and it is essentially 
for this reason that homopolar induction has been widely 
regarded as anomalous. Under the influence of this field the 
disc acquires a charge of one sign distributed around the peri- 
phery, combined with an opposite charge distribution throughout 
its volume. This is the only circumstance in which a static 
electric charge distribution is not confined to the surface of a 
conductor. 

When the electric field which the charges produce is added’ 
to the induced field the result is zero. Current flow in the 
mercury and the stator is due entirely to these static charges, 
and the current, in turn, modifies the charge distribution in such 
a way as to cause current flow in the rotor. The resultant 
electric field in the rotor bears no direct relationship to the 
induced field. Fortunately it satisfies Laplace’s equation 
(whereas the induced field does not) and is therefore easily 
solved by any of the methods available for Laplacian fields.. 
However, the potential difference between any two points 


| 
| 
| 


(including points on the surfaces) will not be given by the — 


authors’ expression for the e.m.f. 

Mr. A. S. Fenemore: There is a strong axial thrust due to flux 
entering or leaving the ends, and it is possible to consider a 
design in which this is avoided. If the rotor is extended axially, 
flux can be arranged to enter and leave only from the curved 
surface of the cylinder, and then only radial magnetic forces: 
will exist. 

Plates of copper can be inserted in the rotor in axial planes,. 
and connected along the top edges in a manner similar to the 
end ring on the squirrel-cage motor. This reduces the resistance 
in the main circuit. The containing slots are closed by iron 
bridges only where flux enters or leaves the rotors, to avoid the 
flux pulsations mentioned by the authors. Furthermore, the 
iron bridges reduce considerably the reluctance of the air-gaps. 
Another advantage is that the circumferential reluctance of the: 


successive plates of copper will considerably reduce the toroidal 
flux, due to excitation from the current of 20kA. 

The efficiency of the model, i.e. 45%, is disappointing. This 
low efficiency means large losses, which involves a cooling 
problem. It has a bearing, too, on the contact resistance between 
the mercury and the current-carrying surfaces. The authors 
have assumed this contact drop to be negligible. 

If we remove one end-plate, and feed in current from an 
external source, it should be possible to measure the contact 
drops. It would be necessary to use a null method, or to ensure 
that the measuring probes do not themselves introduce a 
contact drop. 

For long-term operation, it should be considered whether 
there is risk of mercury oxidation at the operating temperatures 
from air diffusing in through the seals. Any contamination of 
the mercury will lower the efficiency still further. A recent 
paper* describes good results using nickel-plating followed by 
-rhodium-plating. 

The device needs to be filled with a metal which is liquid at 
room temperature or below, the only choice being mercury or a 
sodium-potassium alloy. A eutectic mixture of sodium and 
potassium melts at —11°C, which would be suitable from 
that aspect. It has the advantages of lower resistivity, and, 
more important, lower viscosity, both being only about one- 
third of the corresponding values for mercury. Because both 
_ constituents have a strong affinity for oxygen, the alloy is a good 
cleaning agent, removing any oxide films and giving negligibly 
7 low contact resistance. This same property means a very rigid 
exclusion of air, and a double-sealing arrangement would be 
necessary, with an inert gas maintained between the seals. This 
arrangement could be used with mercury, if oxidation of the 
latter occurs. 

_ The subject of magnetohydrodynamics has received some 
: consideration in a recent report.t This also gives references to 
. earlier work on magnetohydrodynamics. 

J 


7 THE AUTHORS’ REPLY TO 


Drs. D. O. Bishop and G. S. Brosan (in reply): In reply to 
_ Dr. Gibbs and Mr. West on the question of fields of application, 
_ the factors involved are similar to those for other machines. 
_ We have not, up to the present, found any factor limiting the 
- power which can be transmitted by this means, and the power/ 

weight ratio increases considerably with the linear dimension. 
On the reasonable assumption that losses can be reduced to 
give efficiencies of about 85%, the weight of the magnetic and 
electric circuits (i.e. excluding the weight of bearings, cooling 
auxiliaries, etc.) for a 60h.p. convertor could be less than 1001b 
for a machine designed for 4000r.p.m., and possibly below 301b 
for one designed for 12000r.p.m. 

Mr. Carpenter raised some interesting points relating to the 
theory of operation of the machine, and these are of importance 
when considering how to obtain the best flux and current dis- 
tributions, because, when this is done, the J?R losses will be 
substantially reduced. If all parts of the electric circuit (includ- 
ing the stator) are of the same material the current distribution 
for a given induced electric field (‘e.m.f. field’) will depend solely 
on the shape of the electric circuit and will be independent of the 
resistivity. As Mr. Carpenter states, the potential difference 
between any two points will not be given by our expression for 
the e.m.f., but nevertheless, as a first approximation, the induced 
electric field (e.m.f. field) indicates the directions of current flow. 

* Wart, D. A.: ‘The Development and Operation of a 10kW Homopolar Generator 


i an ad dings I.E.E., Paper 2606 U, June, 1958 (105 A, p. 233). 
eg Mie Oke Asalvals of Eeperiniencal D.C. Pump Performance and Theory 


+ Wart, D. 
of Design’, A.E.R.E. Report Ref. R/R2275. 


BISHOP AND BROSAN: AN ELECTROMAGNETIC VARIABLE-RATIO TORQUE CONVERTOR: DISCUSSION 


489 


For the speeds at which the device will be used, there will be 
considerable turbulence in the mercury. This is likely to affect 
the insulation on the rotor and stator surfaces, and appreciable 
erosion may result unless the material is very good indeed. 
The test results are limited to one particular running condition, 
with a statement of efficiency. Curves of the actual performance 
are desirable. 

Mr. J. G. W. West: I regard this as a homopolar Ward 
Leonard set rather than a Faraday disc. A possible heteropolar 
design has been mentioned, but this must, of course, be a 
Ward Leonard set. 

With the high currents involved in the machine, it can almost 
be called an ‘educated short-circuit’. A current of 20kA seems 
colossal. However, the current density is low, and it is actually 
less than that of a conventional d.c. machine. 

I consider it very important that the circuit for the current in 
the rotor should be copper bars arranged in a way similar to 
that on the stator. 

A possible method of reducing the large magnetohydrodynamic 
losses in the mercury would be to localize the mercury to areas. 
where the magnetic flux density is low, e.g. between copper end 
rings on both rotor and stator. It may be possible to hold the 
mercury in position by surface tension. 

Axial air-gaps are unsatisfactory for two reasons: the axial 
pull of the rotors has to be taken by the bearings, and axial gaps. 
usually have to be greater than radial gaps for manufacturing 
reasons. The return gap could quite easily be a radial one. 

The torque convertor may be suitable for two applications. 
that interest me; first, as an automotive transmission of, say, 
60h.p. output at an input speed of 3000 or 4000r.p.m., and 
secondly, as a constant-speed drive for an aircraft alternator of, 
say, 50kVA running at 8000 or 12000r.p.m. and driven from 
an engine with a 3 : 1 speed range. What would be the approxi- 
mate weight, size and efficiency of torque convertors for these 
two applications ? 


THE ABOVE DISCUSSION 


The situation is not as simple as he postulates. The principal 
difference is that the motion of the mercury sets up e.m.f.’s in 
both axial and radial directions, and these influence the current 
distribution in the critical part of the machine, namely the 
mercury layer. We do not wish at this stage to enter into a 
discussion on flux cutting and flux linking. But where is the 
‘conductor’ to which Mr. Carpenter refers? A proof similar 
to ours but with constant flux density is given in a well-known 
textbook.* 

We do not think the ‘wave-impedance’ concept suitable as 
it is only appropriate for heteropolar machines. A detailed 
study of the exact position in the machine using, in part, tensor 
analysis is in hand. However, our first concern is to deal with 
the engineering of the problem, and the analysis must therefore 
wait until the geometry of the device is finalized. We have also 
drafted test procedures enabling the machine parameters to 
be determined under various conditions. 

The whole of the working flux does, in fact, pass through the 
two air-gaps; these need not be large in practice. Insulating 
inserts, which are in any case necessary, stop flux passing 
through the end-plates and bearings. 

As Mr. West states, the magneto-hydrodynamic forces could 
be reduced by confining the mercury to a region where the flux 
density is low. The reduction in the amount of mercury would 
also reduce the viscous drag. We doubt, however, whether 


* CarTER, G. W.: ‘The Electromagnetic Field in its Engineering Aspects’ (Long- 
mans, Green, 1954). pp. 169-170. 
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surface tension alone would keep the mercury in position. 
Additional rubbing seals would be required and extra friction 
losses would be introduced. 

In reply to the several suggestions that copper bars should be 
inserted in the rotors, this has, in fact, been done. 

With regard to Dr. Gibbs’s suggestion that the torque may 
be transmitted by viscous drag, we must confess that, when 
testing an earlier model, the same thought occurred to us. But 
we reversed one of the exciting currents and discovered that the 
machine transmitted power almost as well with one rotor 
rotating in the opposite direction to the other. 

We should like to thank Mr. Fenemore for his suggestions 


about rhodium plating and the use of eutectic sodium-potassum) 
alloy. These are very interesting and will be pursued, althou, j 
our method for sealing would be unsuitable for a liquid con-. 
ductor other than mercury. We have experienced no difficulty 
over counteracting the end-thrust of the rotors. 

The advantage of the machine over conventional heteropolar 
motor-generator sets is compactness and the large specific 
loading factors possible. The advantages of the homopolar 
machine are the comparative simplicity of construction, including 
the absence of windings other than simple magnetizing coils., 
Design studies for larger machines show very considerable 
advantages. 


DISCUSSION ON 
‘ELECTRICITY IN MODERN COMMERCIAL HORTICULTURE’* 
MERSEY AND NORTH WALES CENTRE, AT CHESTER, 15TH DECEMBER, 1958 


Mr. S. Littlewood: There is a system of space heating for 
glasshouses in which polythene tubing is employed. Have the 
authors any knowledge of this system, and if so, would they give 
their observations ? 

Much has been said in the paper about the use of electricity for 
space heating in glasshouses. Will the authors give some idea of 
the load at which electricity as the heating medium becomes 
uneconomic? 

Mr. A. Stewart: The authors draw attention to the value of 
electricity for producing crops early in the season. Will they 
comment on the practicability of producing crops late in the 
season to meet the market at a time when prices start to rise after 
the peak of the season? 

Recent reports indicate that the total area of heated glass- 
houses is decreasing. Is this purely due to high fuel costs? 

Mr. J. K. Hulme: The paper refers to soil sterilization by 
electricity, but compared with steam sterilization, the electrode 
type of sterilizer was considered to give inferior results. Growers 
need reassurance that the E.R.A. contact-heating sterilizer does 
not suffer from the same defects as the electrode sterilizer. 

Reference has been made in discussion to a prejudice existing 
in the minds of growers towards electrical equipment, but it is 
doubtful whether such a prejudice exists. Reluctance to install 
new electrical equipment arises from economic consideration. 
The staff of the N.I.A.E. inform growers whether it is more 
economic to employ various items of electrical equipment, and 
Close liaison between the N.I.A.E. and the E.R.A. is likely to 
lead to more definite advice being passed on to growers. 

Messrs. C. A. Cameron Brown and A. W. Gray (in reply): There 
is indeed electrical space-heating equipment for glasshouses 
using polythene tube. The basic equipment is either an electric 
heater bank or an oil-fired boiler for the larger installations (up 
to 500000B.Th.U.), the warm air being distributed through 
perforated polythene tube by means of a fan. The polythene 
tube is laid at floor level through the crop, the warm air issuing 
at quite a slow rate through the perforations in the immediate 
vicinity of the plant. A considerable advantage of this equipment 
is that, even when heating is not required, great benefit is derived 
from running the fan and circulating air through the crop, and, 
in so doing, assisting with the very difficult problem of ventilation, 
particularly during the summer months. 

The problem of the economic use of electricity for space 


* CAMERON Brown, C. A., and Gray, A. W.: Paper No. 2272 U, January, 1957 
(see 104 A, p. 249), 


heating in glasshouses is not primarily one of load but of tem- 
perature. While, in general, electrical space heating is not. 
economical for large blocks of glasshouses, except where frost | 
protection only is required, it can be economic for propagating | 
houses, where the closeness of control of temperature is essential. 

Mr. Stewart.—Electricity is, of course, already in use for 
producing crops later in the season than normal, and an 
outstanding example of this is in the use of electric lighting for . 
delaying the flowering of mid-season and late chrysanthemums. 
It could also be used for delaying a number of other crops, 
although this is not at present a commercial practice. 

The total area of heated glasshouses is decreasing slightly each 
year. This is not due entirely to high fuel costs, but to the fact. 
that, while all production costs are increasing each year, the price 
of horticultural produce remains static. The consequence of 
this is that the poorer type of glasshouse, badly sited and with > 
poor light value, is being used just to give protective cover against 
the weather to a crop grown cold, instead of for intensive produc- 
tion using heat. | 

Mr. Hulme.—A basic objection to the electrode type of steril- 
izer is that the results vary with the type of soil to be sterilized. 
With a medium loam and a correct moisture content, quite 
satisfactory sterilizing can be carried out with the electrode 
sterilizer. With a light sandy soil, which will hold little moisture, 
it is difficult to get sufficient current flow to raise the soil to 
sterilizing temperature, while with a heavy clay with a high | 
moisture content the current flow is often such as to blow fuses. | 
The E.R.A. contact-heating type of sterilizer does not suffer 
from this disadvantage, inasmuch as it works on the conduction | 
of heat from the heated plates into the soil. Therefore, the 
electrical resistance of the soil does not enter into it, and almost 
any medium can be satisfactorily raised to a temperature of 
180° F, which is sufficient for pasteurization. 

We agree that there is nowadays very little prejudice existing 
in the minds of growers towards electrical equipment and that it is 
not so much a reluctance to install new electrical equipment 
which slows up progress as a shortage of capital. It is gratifying 
to note, however, that many growers are now finding that the 
economic benefits of electrical equipment on their holding are so 
great that it is essential to provide such equipment, even though 
it means taking up loans through the bank to do so. We agree 
that close liaison between the N.I.A.E., the E.R.A. and the whole 
of the electrical industry is essential to demonstrate the advantages 
of electricity to the commercial grower. 
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SUMMARY 
Consideration is given to a method of waveform synthesis by 
_ changing the generated waveform envelope as an alternative to the 
: more usual procedure in which the desired non-sinusoidal waveform 
; 
: 
E 
. 


is obtained by mixing selected constituent harmonics. A rotating 
machine is used and continuous variation of the shape of the generated 
waveform may be made with the machine in motion. 
A preliminary version of this apparatus has been constructed from a 
_ modified induction motor, but owing to the inherent heteropolar form 
of the magnetic circuit, this machine will synthesize only waveshapes 
containing the odd harmonic series. 
For convenience in observation and measurement a fundamental 
4 frequency of 50c/s has been selected for the prototype, but with 
suitable modification of the magnetic circuits, higher frequencies and 
_ also waveforms containing both odd and even harmonic series could 
be obtained. 


(1) INTRODUCTION 


In a conventional form of single-phase alternator, one of the 
normal requirements is the production of a voltage waveform 
of sinusoidal shape. 

Normally, when a non-sinusoidal waveform is required, the 

constituent harmonic frequencies are generated by means of 
individual alternators or oscillators and then combined together 
in some suitable manner,' but the particular form of alternator 
_ described here makes it possible to vary the voltage waveform 
~ envelope while the machine is running, by means of the special 
arrangements provided for field excitation. An early applica- 
tion of field-form modification was used in rotary convertors by 
Woodbridge.” 

The present synthesizer has an exciting coil on each stator 
tooth of a modified induction motor so that variation of the 
air-gap flux density is possible over the whole periphery of the 
air-gap. The rotor is wound with a single non-chorded coil in 
which is induced a rotational e.m.f. having, in the ideal case, the 
same waveform as that of the flux distribution. 

Oscillograms traced from photographs of some possible wave- 
forms are shown in Fig. 1, the change from one to another being 
made with the machine in motion. The absence of even har- 
monics is due to the inherent heteropolar form of construction 
of the machine. 

A selector switch, having pre-set values of excitation, is pro- 
vided to give an instantaneous change of waveform and, for 
normal use, potential dividers may be connected for each mag- 
netic axis and calibrated in terms of per-unit maximum generated 
waveform amplitude. 


(2) DESCRIPTION OF THE ALTERNATOR 


The original windings were removed from a small induction 
motor and a coil was wound on each of the 24 stator teeth. A 
2-pole one cycle per revolution arrangement was chosen and 
diametrically opposite stator coils were connected in series to 
give 12 magnetic axes. Each coil pair was then supplied with 
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Fig. 1.—Induced voltage waveforms, as synthesized. 
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Fig. 2.—Basic excitation circuit. 


an adjustable direct-current excitation with provision for a 
choice of polarity, as shown in Fig. 2. 

The rotor die-cast winding was also removed and replaced by 
a full-pitch coil connected to slip-rings, suitable brush gear being 
provided. After preliminary experiments it was found desirable 
to return the rotor stampings to their original skewed state of 
one stator-slot pitch in order to reduce the generated ripple. 
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The synthesizer was driven at 3000r.p.m. by a synchronous 
motor to give a fundamental output frequency of 50c/s; other 
driving speeds would give correspondingly poe funda- 
mental frequencies. 


(3) OPERATION 

Various waveforms, such as those shown in Fig. 1, were set 
up in turn using calculated values of excitation for each of the 
magnetic axes and allowing for the magnetic characteristics of 
the core material. 

Subsequent harmonic analysis from the oscillograms showed 
that the expected harmonics were present, with approximately 
the predetermined amplitudes. A certain amount of slot ripple 
was observed, as can be seen in the rectangular type of waveform, 
Fig. 1(c). 

A more suitable method of operation is to adjust the excita- 
tions until the required waveform is produced on an oscillograph. 


(4) CONCLUSIONS 


Experimental work with the apparatus demonstrated the 
feasibility of this method of waveform synthesis, which obviates 
the need for synchronization of the individual harmonics 
normally necessary with other methods. 

The use of only 12 magnetic axes imposes rather severe 
limitations on the fidelity with which a desired waveform can be 
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copied and a larger number will therefore be incorporated in| 
future apparatus. 

One application for the apparatus is the harmonic analysis of! 
waveforms; the excitations are adjusted until the synthesized 
waveform coincides with that under analysis, using an oscillo- 
graph for comparison. The required values of mid-ordinates 
are then obtained from the calibrated excitation controls. 

At present the equipment is used in connection with investiga-, 


tions into certain aspects of commutation in electrical machines. . 
| 
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SUMMARY 
The most widely used permanent-magnet materials are at present 
the field-treated alloys, cast or sintered, of nickel, aluminium, cobalt 
and iron. Practice and theory have worked together to obtain, in the 


_ best of these alloys, an assembly of aligned single-domain shaped 


particles in which a very high proportion of the intrinsic magnetization 


_ is retained after removal of a magnetizing field and also against high 


reverse fields. Ceramic-like ferrite magnets have higher coercivity but 
lower remanence, and the development of these can also be linked 


; with domain theory. Many other alloy materials continue to be used 
in a limited sphere, but future progress is likely to be linked with the 


preparation of iron or iron-cobalt particles in elongated single-domain 
form and the manufacture of permanent magnets from aligned com- 


pacts of such particles, as indicated by recent experimental work. 


LIST OF SYMBOLS AND UNITS 
H = Field strength, oersteds. 
AH, = Coercivity—field strength to reduce induction from 
remanence to zero, oersteds. 
H;, = Intrinsic coercivity—field strength to reduce mag- 
netization to zero, oersteds. 
B = induction, gauss. 
8B; = Intrinsic magnetization, gauss. 
, = Remanence—induction at zero field after previous 
saturation, gauss. 
(BA) max = Maximum value of the product of BH in the 
demagnetizing quadrant of a hysteresis loop, 
megagauss-oersteds. 


The paper discusses and evaluates materials in the units of the 
C.G.S. system. For the M.K.S. system, the following variations 
and conversions should be noted: 

Magnetization, M = (B — oH), Wb/m?. 
10000G = 1 Wb/m?. 
4a X10~3 oersted = 1 A/m. 
407 gauss-oersteds = 1 J/m?. 

Note also that the maximum available energy per unit volume 
of a permanent-magnet material is (BH),,/87ergs/cm? with 
(BH) nox in gauss-oersteds and (BA) nqx/2 with (BH),.g, in joules 
per cubic metre. 


4 


(1) INTRODUCTION 


A useful reference point for this review of progress is the 
similar review made eleven years ago,! in which were described 
the high-energy anisotropic materials based on field-treated 
alloys of nickel, aluminium, cobalt and iron which had recently 
become available. Since then, the position of these alloys has 
been consolidated, so that the major part of the world require- 
ments for permanent magnets is now met by these anisotropic 
alloys. In the same period there have been improvements in 
the properties obtainable from commercial supplies of the alloys, 
marked increases in the best recorded properties and a much 
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better, although not yet complete, understanding of the under- 
lying mechanism. Both improvements and the understanding 
owe much to the development of the domain theory of mag- 
netization changes and the associated theory of coercivity. This 
theory and some of the experimental work associated with it 
have been recently reviewed by Brailsford.” 

Stimulated by the same theoretical work, there has been much 
development effort on widely different materiais, such as micro- 
powder iron and iron-cobalt, manganese-bismuth and magneti- 
cally ‘hard’ ferrites. The technical and economic limits on 
these developments are still difficult to predict, but at present 
only the ceramic-like magnets based on barium ferrite show signs 
of wide commercial use. 

In this review, the characteristics of the available magnet 
materials of each broad class will be dealt with in approximately 
their present order of commercial importance, with a short 
glance at the increasing number of special materials with 
interesting technical properties but limited usage due to economic 
factors. 


(2) ANISOTROPIC ALLOYS OF NICKEL, ALUMINIUM, 
COBALT AND IRON 

The prototype for the most widely used permanent-magnet 
material is a cast alloy containing about 13% nickel, 8% alu- 
minium, 24% cobalt, 3°% copper, and the balance iron. Small 
amounts of impurities or deliberate additions such as sulphur, 
silicon, niobium, tantalum, titanium and zirconium are allowable 
and may give small advantages, but carbon must be not more 
than 0:03°%% unless a special addition has been made to nullify 
its effect. Such an alloy has an intrinsic saturation magnetiza- 
tion of about 14000G, but remanence, coercivity and the 
general shape of the hysteresis loop are changed considerably 
by the precise heat treatment to which the alloy is subjected. 
In particular, if it is cooled from 1 250°C or more to 500°C or 
lower at a mean rate of about 1 deg C/sec and subjected to a 
magnetic field of over 1000 oersteds in at least the range 
850-750°C, room-temperature measurements will give an 
extremely square hysteresis loop in the axis of the field heat 
treatment, with remanence about 13000G and coercivity about 
200 oersteds. By prolonged tempering of the alloy in the range 
600-550° C, the coercivity increases to 600-800 oersteds, depen- 
dent on precise composition, and the high remanence and square 
loop are almost entirely retained. Measurements in direc- 
tions perpendicular to that of the field treatment give a lean 
hysteresis loop with remanence about 4000G and coercivity 400 
oersteds. Permanent magnets of this general type, with (BH), 
values of 5MG-oersteds or more, are extensively manufactured 
as Alcomax II, Ill or IV, Ticonal C or G in this country, 
Alnico V or VI in the United States, Alnico 500 in Germany, 
Magnico in the Soviet Union and under somewhat similar names 
in a number of other countries. 

Each manufacturer holds individual views on the merits of 
the minor additions, but in general niobium (or tantalum) 
increases coercivity with a small reduction in remanence and 
(BH) max: and also nullifies the harmful effects of the inevitable 
small residue of carbon; titanium gives even greater increases 
of coercivity but with more marked reduction of remanence 
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and (BH) max; and silicon and zirconium reinforce the loop 
squareness but with a reduction of coercivity. The applications 
of anisotropic magnets of this class have steadily increased in 
number because of the undoubted advantage of cost per unit 
of magnetic energy whenever the overall magnetic circuit design 
could be adapted to use a simple, compact shape with length 
and cross-section suitable for utilization of the full (BA) nax- 

The experimental and theoretical work directed to a fuller 
understanding of the anisotropic alloys has itself led both to 
improvements in the available properties and to a greater con- 
fidence in the utilization of magnets. Investigations by many 
workers have built up a coherent picture, but the most widely 
accepted view is largely based on the work of Nesbitt, Heiden- 
reich and Williams.2+4 The alloy is a solid solution at high 
temperatures, but breaks down at about 800°C into a strongly 
magnetic phase within a weakly magnetic matrix; the magnetic 
precipitate forms as elongated rods or plates along (100) crys- 
tallographic planes. When a magnetic field is applied over the 
temperature range 850-750° C in which this precipitate is forming, 
the elongated growth is suppressed in planes nearly perpendicular 
to the field axis. The use of the field and the optimum cooling 
rate give a structure in which the elongated precipitate is oriented 
at an angle between the field axis and the nearest [100] crystal 
axis. Subsequent tempering to produce maximum coercivity 
at room temperature appears to cause growth of the precipitate 
along the crystal axis and also diffusion changes in the com- 
position of the precipitate and matrix.> © 

Quite early in the course of these and other investigations a 
means of further improvement became clear. The square-loop 
anisotropic properties are dependent on the correct orientation 
of the precipitate along the axis of measurement. In the alloy 
as normally sand cast there is a random grain structure, so that, 
in individual grains, there can be divergences of up to 54° 
between a chosen field axis and the nearest [100] cube edge; by 
utilizing the well-known effect of the growth of columnar crystals 
from the chilled face of a solidifying casting, this divergence can 
be greatly reduced with consequent improvement in the aniso- 
tropy. The possible benefits of a columnar cast structure appear 
to have been realized independently by several different 
workers.’-!® By casting into moulds with one face of high 
thermal capacity and the remaining walls of heated, low-thermal- 
conductivity material, (BH),,,,, values of 7-8 MG-oersteds were 
realized, with remanence values up to 98% of the intrinsic 
saturation and coercivity some 20% better than for the random- 
grain castings. The manufacturing technique involved is not 
easy for a range of sizes and shapes in mass production, but the 
columnar form is commercially available in limited sizes as 
Columax or Ticonal GX in this country. 

On simple compact castings, such as the cylindrical slugs used 
for loudspeaker magnets, a marked proportion of columnar 
structure can be formed by the use of metal chills in cold sand 
moulds, and an economical improvement in properties is 
obtained.'! Such ‘semi-columnar’ or ‘directional-grain’ castings 
are available as Alcomax II s.c. and II s.c. in this country and 
Alnico V d.g. in the United States. 

Mention has been made of the effect of niobium and titanium 
additions to the anisotropic nickel-aluminium-cobalt alloys in 
increasing coercivity with some loss of remanence, and of the 
effect of (BH),,,, in random-grain material. It seems probable 
that both these additions improve the crystallographic form of 
the precipitate, so increasing coercivity, but cause the precipitate 
axis to coincide with the crystallographic axis, so reducing 
remanence and loop squareness in the random-grain casting. 
Controlled grain orientation should therefore eliminate the 
latter point, and it has been found that the best (BH),,,, values 
obtainable from columnar niobium-bearing alloys are some- 


what higher (8-6 MG-oersteds) than from niobium-free alloys. 
Titanium, as normally added, has the unfortunate secondary 
effect of grain refining, so that no columnar structure can be: 
obtained from alloys with titanium by the usual techniques, 
apparently owing to the larger number of non-metallic nuclei on 
which solidification commences. Luteijn and de Vos!” have 
succeeded in preparing a single crystal of an alloy containing 
5% titanium, by adopting special refining techniques for the 
raw materials, and in causing solidification by slow withdrawal 
from the melt under an argon atmosphere. With the appropriate 
field treatment, they have obtained a (BH) nx of 11 MG-oersteds, 
the highest yet recorded for any permanent-magnet material. | 
The technique used does not suggest that commercial production 
of such values will be possible, although the same alloy in the 
random-grain form has had limited usage for special purposes, 
with a coercivity of 1200 oersteds and (BH) nq, of 4-0 MG-: 
oersteds (Ticonal K, Alnico 350). | 
In the foregoing review of the anisotropic alloys we have dealt! 
exclusively with cast material, but essentially the same alloys: 
can be formed by powder metallurgy and sintering techniques, 
followed by heat treatment as for the cast material to produce 
permanent magnets. The advantage of the sintering technique 
lies in the more economic production of very small pieces to 
rather greater precision than by sand-casting procedure; this} 
advantage vanishes as weight increases owing to the much higher: 
cost of powdered raw materials compared with normal melting 
stock. Sintering can be carried out at temperatures of about 
1350°C, either in dry hydrogen or in vacuum, although the) 
vacuum process has been gaining in recent years. The objective 
of the sintering process is to produce an alloy of the same comp. 
position, structure and density as the cast material, and the: 
final properties are different only to the extent that this objective: 
is not attained. The common deficiency is on density, as it is} 
difficult to eliminate completely the residual porosity caused by 
starting with a powder compact. This porosity acts both as ai 
reduction of effective cross-section, therefore giving reduced] 
induction values, and also as an effective internal reluctance,, 
therefore giving a shearing effect on the demagnetization curve. | 
The latter is particularly important in its effect on the square-loop } 
anisotropic material, so that sintered alloys with 5% residual 
porosity, a normal value, will have a (BH),,,, about 15% less} 
than that for the cast alloy of the same composition and heat} 
treatment. | 
The grain structure of sintered pieces is usually much finer: 
than that of cast pieces and is completely random in orientation. . 
There is consequently no incidental benefit from a partially: 
columnar structure, such as frequently arises in small sand! 
castings, although the same fine and random-grain structure: 
may be distinctly beneficial to the brittle mechanical properties; 
of the alloy. Attempts have been made to coarsen the structure: 
of sintered alloys to control crystal axes to give a columnar; 
structure,!? but there has been no commercial development of 
the method. 
Field-hardened anisotropic magnets, cast or sintered, random| 
or partially columnar, now supply the major part of the world’s: 
need for permanent magnets. The metallurgical structure of | 
precipitate and matrix is essentially an array of elongated single- 
domain particles with a high degree of alignment between 
particles axes and the preferred magnetic axis. Fig. 1 shows 
how the demagnetization curve changes, for the same alloy and 
thermal treatment, by application of a magnetic field during 
cooling and then by the use of material with aligned grain’ 
structure; the square loop of curve (c) is a close approximation 
to the theoretical expectation from an aligned assembly of 
identical single-domain particles. 
In Table 1 are listed the most widely used alloys of this genera! 
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H, CERSTED 


Fig. 1.—Effect of field treatment and grain structure on demag- 
netization curve for alloy of composition 14% Ni, 7:5% Al, 
25% Co, 3% Cu, 0:7% Nb, balance Fe, cooled from 1250°C 
and tempered at 590-560°C. 


(a) eae grains—no magnetic field in heat treatment, (BH) max = 1°75 MG= 


- oersteds. 


(6) Random grains—heat treated in field, (BH) maz = 5:4MG-oersteds. 
(c) Columnar grains—heat treated in field, (BH) max = 8:7 MG-oersteds. 
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of strength after magnetization, have been shown to be less for 
these materials than for most other available types. !® 


(3) ISOTROPIC ALLOYS BASED ON NICKEL, ALUMINIUM 
AND IRON 


The magnet alloys based on nickel, aluminium and iron, but 
with reduced or zero cobalt content, behave metallurgically in 
the same way as the anisotropic alloys already considered, but 
the application of a magnetic field during heat treatment becomes 
less effective as the cobalt content is reduced, owing to the 
reduction of the Curie temperature of the strongly magnetic 
phase to below the temperature at which it nucleates. From an 
ingenious study of the variation of torque curves with field in 
single crystals of an iron-nickel-aluminium alloy (Fe,NiAl), 
Nesbitt, Williams and Bozorth!” were able to demonstrate that 
the coercivity of these alloys is essentially due to the shape 
anisotropy of a precipitate lying along mutually perpendicular 
crystallographic planes. 

A wide field of application for isotropic magnets still continues 
where the magnet is in a form in which the strong field necessary 
for development of anisotropic properties cannot be easily 
applied along the correct path. The most widely used com- 
positions have continued without change in the last ten years, 
and are given, together with the normal magnetic properties, in 
Table 2. The stability of permanent magnets in these alloys 
has been compared with other materials by the author.!® 


Table 1 


TYPICAL ANISTROPIC MAGNET ALLOYS BASED ON NICKEL, ALUMINIUM, COBALT AND IRON 


Grain structure Designation Composition B, (BA) max Hy 
(Weight % balance Fe) G MG-oersteds oersteds 

Aligned Columax 13-5 Ni 8 Al 24 Co 3 Cu 1 Nb 13 500 7°8 750 
Ticonal GX 13:5 Ni 8 Al 24Co 3 Cu 13 500 7°5 720 

Alcomax II s.c. 11:5 Ni 8 Al 22 Co 4Cu 12 800 5:15 600 

Part ali d Alcomax III s.c. 13-5 Ni 8 Al 24 Co 3 Cu 1 Nb 13.000 5:8 700 
nla a Alnico 5 d.g. (U.S.) | 13-5 Ni 8 Al 24Co 3 Cu 13 300 6:5 725 
Ugimax 600 (F) 13-5 Ni 8 Al 24 Co 3 Cu 13 500 6°4 700 

Alcomax II 4 11-5 Ni 8 Al 22Co 4Cu 12 400 At, 585 

Alcomax III 1 -13-5 Ni 8 Al 24 Co 3 Cu 1 Nb 12 500 soi 670 

Alcomax IV 13-5 Ni 8 Al 24 Co 3 Cu 2:5 Nb 11 200 4-3 750 

Ticonal C 13-5 Ni 8 Al 24Co 3 Cu 1 Nb 12 500 5-0 680 

Ticonal G 13:5 Ni 8 Al 24Co 3 Cu 13 480 Sith 583 

Random Ticonal K 14 Ni 7 Al 34Co 4Cu 5Ti 9.000 4-0 1100 
Alnico 5 (U.S.) 13:5 Ni 8 Al 24Co 3 Cu 12 700 5-5 650 

Alnico 6 (U.S.) AS NIV SvAL 23'Co 3 Cuel Lr 10 500 3-65 760 

Alnico 7 (U.S.) 18 Ni 8:5 Al 24 Co 3 Cu STi 7200 2:8 1000 

Alnico 500 (G) 14 Ni 8 Al 24Co 3 Cu 0:5 Ti 12 500 5-0 650 

Alnico 350 (G) 15 Ni 7:5 Al 30Co 4Cu STi 8 500 3°8 1100 


(F), French; (G), German; (U.S.), American; others British. 


type, with their commercial designations and claimed magnetic 
properties. Since the basis of the statement of magnetic pro- 
perties varies with different manufacturers, a close comparison 
cannot be made, but the main groups are clear, columnar-grain, 
partially columnar-grain, in which good properties depend on 
favourable geometric proportions, and random-grain castings, 
the latter including a group with additions to give particularly 
high coercivity at the expense of (BA) max. The metallurgical 
structure of such alloys is stable at temperatures between at 
least —100 and 500°C, and the magnetic changes are small and 
largely predictable in the same temperature range. !* 15. The 
effect of stray fields and vibration, and also the smail time changes 


Both cast and sintered forms are in use, and, for the isotropic 
alloys, there is no benefit from a partially columnar structure 
and residual porosity has less effect on the shape of the demag- 
netization curve, so that the difference in magnetic properties 
between the cast and sintered products is small. 


(4) STEELS 
The martensitic alloy steels, based on iron-carbon with addi- 
tions of one or more of the elements, chromium, tungsten, 
cobalt and molybdenum, continue to be used in commercially 
important quantities of permanent magnets, although this 
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Designation Composition 
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Table 2 


TypicaL IsoTROPIC PERMANENT-MAGNET ALLOYS BASED ON NICKEL, ALUMINIUM AND IRON 


(BA) maz 


Weight %, balance Fe 


Alni 

Alnico III (U.S.) 
Alni 120 (G) 
Nial (F) 


22-27 Ni 11-13 Al 0-3 Cu 0-1 Ti 


MG-oersteds oersteds 


1725 680-480 


Alnico 
Reco 3A 
Alnico II(U.S.) | 
Alnico 160 (G) 
Nialco 12 (F) 


16-22 Ni 10Al 12-14Co 3-6Cu 0-1Ti 


(F), French; (G), German; (U.S.), American; others British. 


usage decreases year by year. These materials have mechanical 
advantages over the nickel-aluminium-iron alloys for some appli- 
cations in that they can be rolled and forged and that they can 
be drilled and machined with moderate ease prior to hardening. 
No significant technical progress in the magnet steels can be 
reported, but re-design for the newer alloys has been slow in 
those applications in which the basic material cost is low com- 
pared with the manipulative cost in forming the magnetic circuit. 
The most widely used materials are listed in Table 3. 


Table 3 
PERMANENT MAGNET STEELS 


Designation Composition (BE) max 


MG- 


Weight %, balance Fe oersteds 


35Co 6Cr 5W0:9C 
15Co9Cr1-5 Mo C 
‘C 
C 


35% Co steel 
15% Co steel 
9% Co steel 
37 Gostee! 

2 Co, 4 Cr steel 
6% W steel 
Cr steel 


9Co9Cr1: aM 


fecal 
o1-l 
ont 
1c 


(5) CERAMIC OR OXIDE MATERIALS 

The original non-metallic permanent magnet is, of course, 
the natural lodestone, or magnetite, with the composition of 
ferrous ferrite (FeOFe,03). There was some development of 
an oxide material based on cobalt ferrite (CoOFe,O3), which 
resulted in limited manufacture under the names Vectolite and 
Caslox I, described in a previous review.! In 1952, Went et al.'8 
described a new permanent-magnet material of low remanence 
but exceptionally high coercivity based on a barium ferrite 
(BaO6Fe,0;), and there has since been voluminous technical 
and patent literature on this and similar materials, of which only 
a few examples need be mentioned here. 

If ferrous oxide and barium oxide (or carbonate) are heated 
to 1000°C or more, a magnetic compound of hexagonal crystal 
structure is formed, as first observed by Forestier.!9 As detailed 
by Went,!® this compound has a density of 5-3 g/cm}, a satura- 
tion magnetization of about 4500G and a high uni-axial crystal 
anisotropy constant. It is an example of the numerous uncom- 
pensated antiferromagnetic or ferrimagnetic compounds found 
in recent years (see Reference 2). The high crystal anisotropy 
and relatively low saturation magnetization indicate imme- 
diately the possibility of high intrinsic coercivity from crystal 
particles of a size suitable for single-domain magnetic behaviour. 

From a random assembly of such uni-axial single-crystal 


particles there. should be obtainable a high-coercivity magnet. 
with a remanence of half the saturation magnetization; if the 

assembly can be produced with aligned crystal axes, a remanence 

approaching the saturation magnetization and a square demag- 

netization curve with high (BH),,,, should be obtainable in the 

axis of alignment. The reconciliation of experimental values 

for coercivity, anisotropy and saturation with domain theory 
and the variation of these values with temperature have been 

the subject of useful studies by Rathenau, Smit and Stuyts,?° 

by Stuijts, Rathenau and Weber?! and in the United States by 

Sixtus, Kronenberg and Tenzer.?? 

Turning now to the production of useful permanent magnets; 
the usual procedure with the isotropic material is to mix inti- 
mately ferrous oxide with a little more than the theoretical 
quantity of barium carbonate, to compact the powder to the | 
desired form by the known techniques with the aid of small. 
additions of lubricant and bond, and to fire the compact to a 
temperature of 1200-1 300°C in a process which combines the 
formation of the compound crystal growth to an optimum size 
and densification to about 90% of the theoretical solid density. 
The firing and densification involve a linear shrinkage of about 
17%, with consequent difficulty in precise size control, and the 
result is a brittle black ceramic of high electrical resistivity. 

For anisotropic material more subdivision of these processes 
is necessary, and it is usual to pre-fire the mixture to give an 
aggregate containing crystals of greater than single-domain size, 
followed by a controlled ball milling to give a powder of 1-2u 
mean particle size. A compact of the required shape must be pro- 
duced from the powder while applying a sufficiently strong 
magnetic field to produce particle alignment in the ultimate 
magnetization axis, and alternative procedures using either wet 
slurries or pre-magnetized dry powders are favoured by different 
manufacturers. The firing is carried out generally as for iso- 
tropic compacts but is rather more critical, as the improvement 
in properties is more marked as optimum densification is 
approached; the collapse in properties due to over-firing, 
excessive grain size and consequent low coercivity can be 
catastrophic. It is a characteristic of the anisotropic material 
that the ratio of remanence to saturation and the loop fuilness 
continue to increase on firing into the region where coercivity 
is rapidly decreasing. 

The two main grades of barium-ferrite magnets are com- 
mercially available with magnetic properties as in Table 4 in this 
country and elsewhere. Some care is necessary in considering 
the available properties and possible applications. The high 
coercivity and low induction values lead to appreciable differences 
between the B/H curve and the curve of intrinsic magnetization, 
B;, against H. The latter is more fundamental for understanding 


i ie 


Designation B, (BA) max Hy 


G , 
Caslox II MG-oersteds oersteds 
Feroba I 
Magnadur I 2 100 1:0 1750 


Oxit 100 (G) 
Koerox 100 (G) 


Feroba II 
peanacs: I 3 800 3-0 1700 


Oxit 300 (G) : 
Koerox 300 (G) 


(Composition, closely BaO6Fe 03; density, about 5 cu 
(G), German; others British. - > y g/cm3.) 


_ the domain process in the material, but the former is required 


for circuit design. Fig. 2 shows typical curves of both kinds for 


_ the isotropic and the anisotropic materials. It will be seen that 


intrinsic coercivity is much greater than normal induction 
coercivity for the isotropic ferrite, although the difference is 
small for the anisotropic. There is a practical consequence of 
some importance for temperature stability. As with other 
materials in which coercivity is dependent on the crystal aniso- 


- tropy, there is a marked reduction of coercivity at low tem- 


peratures while magnetization increases. Consequently, a 
cooling cycle causes an irreversible magnetization loss in a 
permanent magnet with the working point on the portion of the 
demagnetization curve which is reduced by cooling; this con- 
dition applies to anisotropic, but not to isotropic material at 
(BA) max. It is possible to change the firing conditions for 
anisotropic material so as to maintain a high intrinsic coercivity, 
but with some reduction in (BA),,,,,, and so reduce the losses.?3 
The normal reversible temperature coefficient of magnetization 
for both isotropic and anisotropic barium-ferrite magnets is 
about —0-2% per deg C, about ten times that of alloy magnets, 
owing to the ferrimagnetic nature of the material and to a Curie 
point of about 450°C. 

The principal applications of barium-ferrite magnets have so 
far been for television focusing, cycle dynamos and some 
holding applications. Although applications development is 
increasing, there appear to be distinct limitations due to the 
difficult thermal properties. The material has good electrical 
insulating properties, unusual in a permanent magnet. 
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Table 4 
BARIUM-FERRITE PERMANENT-MAGNET MATERIALS 
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Fig. 2.—Barium-ferrite magnets. 


B/H curves. 


—---— B;/H curves. 
(a) Random grain, isotropic, (BH) maz = 1:04MG-oersteds. 
(6) Aligned grain, anisotropic, (BH)max = 2:93 MG-oersteds. 


Although the major part of the ceramic magnet development 
is associated with barium ferrite, very similar properties can be 
obtained from the similar ferrites based on lead and strontium, 
but the higher cost of these has restricted development. There 
are patents covering the addition of small quantities of a number 
of other elements to barium ferrite. 
facilitate manufacture, but there is no evidence of benefit to the 
magnetic properties attainable. 


Some of the additions may 


(6) MISCELLANEOUS SPECIAL MATERIALS 


The materials already reviewed are used for the great majority 
of magnet applications, but there remain a number of materials 
with either limited specialized uses or with interesting future 
possibilities, as in Table 5. The earlier review! gave some details 


Table 5 
MISCELLANEOUS SPECIAL MAGNET MATERIALS 


Designation Composition B, Blea | H, 
Weight % G MG-oersteds oersteds 

Cunife (U.S.) 60 Cu 20 Ni 20 Fe* 5 400 1:5 550 
Cunico (U.S.) 50 Cu 21 Ni 29 Co 3 400 0:8 660 
Vicalloy .. Ae 
Vicalloy 1 (U.S.) SCGod tVi8i7 Ke 9 000 1-0 300 
Koerzit 4 ik ) -s 
Vicalloy ES hers * 11000 2-8 400 
Koerzit T (G) cals 52 Co 14 V 34 He he 
P6(US.) 45 Co 4 V 6 Ni 45 Fe 14000 0-4 45 
Platinax 77 Pt 23 Co 6 500 9-0 4000 
Comalloy .. se 0 11 | 230 
Remalloy (U.S.) .. 17 Mo 12 Co 71 Fe 1050 
Bismanol (U.S.) .. ws 79 Bi 21 Mn* 4300 4-3 3 400 
E.S.D. iron (U.S.) he 50% Fe (by volume)* 8 800 / 3-3 715 
E.S.D. iron-cobalt (U.S.) 42% Fe2Co (by volume)* 9050 | 5:0 1025 


(G), German; (U.S.), American; others British 


* Anisotropic. 
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of the ductile materials, Cunife and Cunico, and also of 
Vicalloy, an iron alloy with about 12% vanadium and 52% cobalt 
which can be cold-worked, followed by a final tempering at 
600° C, which both develops full magnetic properties and makes 
the alloy hard. These materials are in very limited production 
in some countries for specialized strip or wire magnets. There 
has been some development of a modified form of the cobalt- 
vanadium alloy, with replacement of part of the vanadium 
content by either nickel24 or chromium,”> thus obtaining a 
material of high remanence and moderate coercivity particularly 
suited for hysteresis motors. Technical development of 
platinum-cobalt alloys?®:27 has led to a (BA)mq, value of 
about 9:0MG-oersteds in conjunction with a coercivity of 
about 4000 oersteds, and this has found an application in 
battery-driven watch-motors.28 There was a brief revival of 
interest in the cobalt-molybdenum-iron alloy known as Comalloy 
or Remalloy as a means of economizing in cobalt consumption 
at the time of the Korean war, but this soon flagged. 

One of the new materials of great technical interest, but 
limited application due to cost, is manganese-bismuth. The 
compound (MnBi) has a hexagonal structure with a high uni- 
axial crystal anisotropy. The high coercivity of this material 
when in the form of small single-crystal particles and the possi- 
bility of useful permanent-magnet structures from a compact of 
such particles with aligned crystal axes were discovered by 
Guillaud.?9 3° There were practical difficulties in the prepara- 
tion and extraction of single-crystal particles of correct size and 
in their subsequent alignment and compaction; a substantial 
step forward was achieved in studies by the United States Naval 
Ordnance Laboratory,*! with a realization of (BH),,, of 4:3 
MG-oersteds in conjunction with a remanence of 4300G and 
a coercivity of 3400 oersteds. Subsequently, other claims>* 
have been made for (BA),,,, values up to 7:3 MG-oersteds. 
The possible uses of the material are limited by the high cost 
of bismuth and by the same kind of temperature variation of the 
magnetic properties, with consequent liability to magnetization 
changes, as is found for barium ferrite. In the United States, 
some practical use has been made of the material in magnet 
systems for travelling-wave tubes. 

It has become clear in recent years that permanent-magnet 
materials, however produced, approximate to assemblies of 
single-domain particles in which a relatively high field is required 
to change the magnetization axis of the particle owing to its 
inherent anisotropy. This anisotropy may arise from crystal 
form, as in barium-ferrite or manganese-bismuth, or from shape, 
as in the nickel-aluminium-cobalt-iron alloys. It has also been 
well demonstrated that an alignment of the particle axes gives 
considerable better permanent-magnet properties. As a first 
consequence of these theoretical developments, there arose the 
micro-powder iron and iron-cobalt magnets developed in 
France,! but these were of heterogeneous shape with only a 
small possibility of producing a favourable alignment, and, 
although of great technical interest, manufacture has now ceased. 
The full theoretical possibilities of shaped particles were revealed 
by Stoner and Wohlfarth,*? and excellently analysed and com- 
pared with known materials in a United States Government 
report.*4 Briefly, elongated particles of iron of critical size for 
single-domain behaviour have a theoretical intrinsic coercivity, 
when isolated or in dilute dispersion, of 10000 oersteds; induc- 
tion is proportional and coercivity approximately inversely 
proportional to packing factor, so that an aligned assembly of 
such particles, with 50% of the volume occupied by iron, should 
have properties of the order of: remanence, 10000G; (BA) 
over 20 MG-oersteds; and coercivity, 4500 oersteds. Iron-cobalt 
particles, with higher saturation magnetization, should give 
even higher values. In 1955 the achievement of such elongated- 
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particle assemblies was reported,** with particles of a mean | 
diameter of 150A, an elongation ratio of 4-5, giving a dilute 
intrinsic coercivity of 2050 oersteds, and, from a 50% compact, | 
a (BH) max of 3*3 MG-oersteds. These particles are obtained by 
carefully controlled electrolysis of iron into mercury, and subse- 
quent heating and extraction.*° Later work has given better 
values from cobalt-iron particles and has shown a close compari- 
son with the properties of nickel-aluminium-cobalt-iron alloys,>7 
although there is now reason to doubt whether the predicted 
theoretical coercivities can be achieved.** 39 To what extent | 
this method of permanent-magnet synthesis can economically 
compete with older methods is not yet clear. | 

As a by-product of the investigation of elongated particles, © 
the possibility of a completely novel means of improving per- 
manent-magnet properties has been discovered, namely a dis-— 
placement of the hysteresis loop so that coercivities are unequal — 
in the two directions of magnetization of a single axis. Meikle- 
john and Bean*® have found this effect in cobalt particles with 
an oxide layer by cooling in a magnetic field to below the Neéel 
temperature (300°K) of the antiferromagnetic coating; they 
ascribe the effect to spin coupling between cobalt atoms in the 
metal and cobalt ions in the oxide, and suggest the name ‘exchange 
anisotropy’. At present this effect can be found only at sub- 
zero temperatures, but knowledge of antiferromagnetic com- 
pounds and alloys is expanding rapidly, and one can foresee the 
possibility of greatly improved permanent magnets subject to a 
certain unique combination of properties. In the nickel- 
aluminium-cobalt-iron alloys, a high-temperature solid solution 
nucleates on cooling to give elongated magnetic particles in a 
substantially non-magnetic matrix, and, since the Curie tem-; 
perature of the particle material is higher than the nucleation 
temperature, the particle orientation can be controlled by 
cooling in a magnetic field. If a similar system could be found 
in which the matrix material became antiferromagnetic at some — 
temperature between the Curie temperature of the nucleated — 
particles and room temperature, permanent magnets consisting 
of a domain assembly with only one easy direction of mag- 
netization would result. The properties and stability of such 
magnets should considerably exceed those of the presently used 
magnets with a uni-axial anisotropy (two easy magnetization 
directions). 


(7) BONDED MAGNETS 

Various types of powder magnet have already been mentioned, 
but there is another class, based on completely different prin- 
ciples, which has found little favour in this country, although 
in regular production in Germany and elsewhere. Both nickel- 
aluminium and barium-ferrite magnet alloys are very brittle 
and are difficult to produce to precise dimensions. It is relatively 
easy to crush either material to a fine powder, yet with particle 
size considerably greater than that associated with single- 
domain behaviour, so that the magnetic macro-properties are 
preserved in the particle. Such powders can be mixed or coated 
with a plastic and moulded by compression or injection methods 
to fairly precise sizes, in which a little over half the volume is 
occupied by magnet powder; the compact has a remanence of 
about half, a (BA),,,, of about a third, and a coercivity much 
the same as that of the solid isotropic magnet material which 
has been incorporated. The ratio of properties is much less for 
crushed and bonded anisotropic material, so that no advantage 
is found in its use, and attempts to use field-aligning methods to 
increase properties have had little success. Hennig*! has reviewed 
the possibilities of the process, and typical properties are as in 
Table 6. There is no reason why the bond in such materials 
should not be of a rubber-like material, and flexible permanent 
magnets made in this way are being produced. 


{ Prac (G) 
| Tromalit (G) 


- field cover most permanent-magnet requirements. 
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Table 6 


RESIN-BONDED MAGNET COMPACTS 


Magnetic 


Desi ions ; 
BBANO constituent 


(BH) max Hy 


MG-oersteds 
0:5 


oersteds 


Oerstilit (G) aan 


Alni 


Agglomere (F) Alnico 0-7 


Caslox lil 
Oxilit (G) 

Prox (G) 
Plastoferrite (F) 


BaO 6Fe203 


(F), French; (G), German. 


(8) CONCLUSIONS 
An attempt has been made to survey the main features of 


each class of permanent-magnet material at present in general 


use and also to mention the more interesting of the materials 


4 which have been under recent development, even though their 
future is still uncertain. In terms of present consumption, the 
_ anisotropic alloys produced mainly by casting, but also by 


sintering, and subjected to heat treatment under a magnetic 
The more 
recently developed barium-ferrite magnets are finding increasing 
applications, have the benefit of a low raw-material cost, but 


- have disadvantages in temperature stability. The developments 


in fine-particle magnets based on the theoretical conception of 
single-domain particles with anisotropy arising from shape are 
of the greatest technical interest, but still of uncertain economic 
value. 

As regards applications, the electromagnetic applications in 
which a permanent magnet provides the field for a current-field- 
force interaction still predominate and expand, although the 
greater energy and coercivity of present materials is leading to 
even greater expansion of permanent-magnet uses for holding 
and fixing devices of all kinds, from simple domestic appli- 
cations to motion transmitters in nuclear power stations. It 
may be noted that the magnetic characteristics, the mechanical 
properties and the manufacturing techniques necessitate a very 
simple shape for modern permanent magnets, so that the use of 
pole-pieces is almost universal. The increase in available energy 
has tended to reduce the size and weight of permanent magnets 
for any specific application, although there has simultaneously 
been an increase in the maximum size of permanent-magnet 
assemblies to cover such diverse uses as rotors for generators of 
several hundred kilovolt-amperes capacity, machine-tool chucks, 
automatic train control and nuclear magnetic-resonance equip- 
ment. There has also been a marked expansion in the environ- 
ment in which permanent magnets are expected to operate with 
reasonable stability, notably in temperatures from below — 100°C 
to about 600°C and when subject to intense neutron 
bombardment. 

Present production practice in the permanent-magnet industry 
makes available a wide range of satisfactory materials, but there 
is little doubt that the theoretical and experimental work in 
domain magnetism now being carried out in many different 
centres will give even better future materials. 
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SS 


‘THE APPLICATION OF TRANSISTORS TO PHASE-COMPARISON CARRIER 
PROTECTION’ * 


Mr. J. Rushton (communicated): One of the most difficult 
aspects of the design of any protective scheme is the preparation 
of a technical performance specification. Phase-comparison 
systems are no exception, and the problem stated simply is to 
determine the loci of possible phase angles under internal fault 
and healthy system conditions and to provide a relay operating 
characteristic which will discriminate between these two 
conditions. 

Internal fault conditions have been examined in ‘part by the 
authors in justification of their choice of phase-comparison 
quantities; it may well be, however, that more complex faults 
might modify the author’s conclusions, particularly with regard 
to phase-angle considerations. 

The locus of phase angle under healthy system conditions has 
been examined by Donaldson,t and Fig. A shows the typical 
application for a 275kV line. The diagram also shows the 
addition of carrier transit time to give the overall phase dis- 
placement between the comparison currents. 

The diagram indicates two fundamental design requirements 
of the protective scheme, first that the stability angle shall be 
adjustable, and second that the scheme shall be provided with 
a definite current setting, or more precisely that the high-set relay 
setting shall exceed the low-set by the correct margin. Ideally 
the low setting should be as low as possible consistent with non- 
continuous carrier signal. 

The 30° angle quoted in Section 1.1 was arrived at following 
a consideration of 132kV Grid lines under internal and external 
fault conditions using a summation current-transformer output 
and must necessarily be increased for the longer higher-voltage 
lines unless some form of compensation is included. Indeed, 
without such compensation it is possible in such cases that the 
application of phase-comparison principles using a single-phase 
output for comparison purposes will prove abortive. 

The authors include a ‘rate of change’ starting feature to cover 
108 ae ig C., and TALKHAN, E, A.: Paper No. 2793 M, February, 1959 (see 

~ DonaLpson, G. W.: ‘Application of Phase-Comparison Principles to Power- 


Swing Conditions on Long High-Voltage Transmission Lines’, P dii Bs 
paper No. 1090 S, February, 1951 (98, Part Il, p. 47), EONS EEE 


END ‘A’ 


END ‘B’ t| 


Fig. A.—Application diagram for phase-comparison protection of a 
100-mile 275 kV line. 


The relay characteristic also is shown (current setting, 250amp; phase-angle 
setting, 45°). 


— — — Envelope of I, L& 
Overall phase-comparison envelope 14 Le +6. 


the 3-phase fault condition in line with common practice. This 
suffers from the obvious disadvantage that a low fault infeed 
may differ insufficiently from the pre-fault load flow to produce 
operation, and presumably the authors’ intertrip feature is 
intended to cover this condition, although it is by no means 


{ 


certain that the fault condition would not affect carrier reception. 
Also, the variable sensitivity of the ‘rate of change’ circuit is 
unsuitable for operating the high-set feature. A more straight- 
forward solution is to use a single-phase modified impedance 
starting relay to cover the 3-phase fault condition, since all 
transmission lines are provided with at least one voltage trans- 
former for synchronizing purposes. 

_ Mr. C. Adamson and Dr. E. A. Talkhan (in reply): We are 
grateful to Mr. Rushton for raising the points which are of 
greatest interest in the application of carrier to power-system 
protection. The issue of stability angle is clearly of increasing 
importance as the voltage level of feeders is raised, and for this 
reason the angle has been made adjustable in the basic design 
of the protection system; reference is made to this adjustment 
in the paper, and it is incorporated in the integrating circuit of 
_the phase comparator (Fig. 6). 

So far as the application of this type of protective system is 


concerned, the issue is the extent to which the total tripping 


angle [Fig. 17(a)] can be sacrificed. If the application engineer 
cannot tolerate a reduction of total tripping angle below a certain 
figure, say 270°, then either compensation must be invoked or 


an alternative form of protection adopted. In our opinion, 


based on transient experiments carried out on our laboratory 
protective-gear test equipment, this latter eventuality is unlikely 
for the case of two terminal lines. 

With regard to the additional incursion into the tripping zone, 
as indicated in Fig. A, such a situation is avoided in the system 


_ described in the paper by the function of the starting circuit; 


under symmetrical fault conditions, this is set for levels greater 
than the incursion of the swing characteristics of Fig. A, into 
the tripping zone of the relay. 

Our paper entitled ‘Selection of Relaying Quantities for 
Differential Feeder Protection’ is shortly to be published by The 
Institution; this will go some way to meet Mr. Rushton’s com- 

-ments on the use of internal fault conditions to justify the choice 


_ of derived phase-comparison quantities used in the present paper. 


, 
; 


It must suffice for the time being to say that all single-shunt and 
series fault conditions have been considered, together with all 
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combinations of positive, negative and zero phase-sequence 
quantities, and the special case of the summation transformer 
with primary-side ratios of 1: m:n. It is our opinion, arising 
from this work, that the choice of positive plus a weighted amount 
of negative phase-sequence current is the best solution. The 
analysis becomes very complicated and tedious, however, and in 
the later stages of this work a transformer-analogue network 
analyser was used. This analyser is also being used to pursue 
further the question of complex faults, and it is hoped that more 
information will be available before long. 

With regard to the ‘rate-of-change’ starting feature, it can be 
seen from Fig. B, that the rate-of-increase signal is always super- 


(a) 


Fig. B 


imposed on any pre-fault load flow and that, in consequence, 
operation takes place at the same current level on the power line 
irrespective of pre-fault load conditions. Thus, in Fig. B(d), 
although the amplitude of the starting pulse is low, its leading 
edge still crosses the pick-up level, which is all that is necessary 
to give correct operation. 

The use of a modified impedance starting relay for use in cases 
of balanced faults is a possibility. We do not consider that this 
is clearly a more straightforward solution, since, depending on 
the type of distance relay chosen, it may be susceptible to 
transient maloperation, and in any event may give false starting 
during power swings. 


DISCUSSION ON 
‘INVESTIGATIONS OF POWER FOLLOW-CURRENT PHENOMENA 
USING A SYNTHETIC POWER SOURCE’* 
AND 


‘THE IMPULSE INITIATION OF ARC DISCHARGES’} 
MERSEY AND NORTH WALES CENTRE, AT LIVERPOOL, 8TH DECEMBER, 1958 


Dr. D. Whittaker: For the 10 cm-gap positive impulse Paper 
No. 2707 gives values for ig between —5 and —12amp when 
using the lower values of Z. Under these conditions it would 
seem that the formula given in the Appendix for calculating ty 
should be altered to i, — 4 ~ vf |L, which may increase the 

i alue of t, by a factor of ten. ; 
aerate ig i, — VgrtolL, where U,, ~ Y1G0 — itgRr during 
the time fp. As Z decreases the authors explain the increase of ‘ 
(Fig. 6, Paper No. 2707) by the major effect of L decreasing anc 
another effect of fo increasing. Calculations show, however, 

* ArsTon, L. L., and BRUCE, F. M.: Paper No. 2707 S, November, 1958 (see 106 A, 


ms an ae L. L.: Paper No. 2708 S, November, 1958 (see 106 A, p. 133). 


that the fact of v,, decreasing has a bigger effect than fp increasing, 
and so ig increases less rapidly than Z decreases, which agrees 
with the experimental results. oh 
Because di,/dt is proportional to 1/Z (O<t<t 1) and ig increases 
less rapidly than Z decreases, the large negative values of ig alone 
can never compel critical vp to rise with reduction of Z. This is 
contrary to the statement at the end of Section 6 (Paper 
No. 2707), which therefore cannot explain the increase of critical 
Up with decreasing Z shown in Fig. 5. An explanation which is 
valid if the value of Cjg is less than about 0.01 uF (assuming 
Ry = 5 kilohm) is that a value of critical Vy which would be 
expected to give a satisfactory value of i, may be unable to 
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maintain a sufficient value of i,, (= ig; + i,) at some time less 
than t,;. Because ijg, falls exponentially while i, rises only 
linearly from a negative value, i,, may tend to become negative. 
Therefore critical vg must be greater than that determined solely 
by conditions at time /. 

The current ip is evidently important in determining the success 
of arc initiation, especially for the lower values of Z when using 
the 10cm gap. Because of the dependence of ip on fo, could the 
scatter in the values of critical vg be caused by variations in the 
time lag associated with spark breakdown? It is most desirable 
to keep fp to a minimum, by over-volting the test gap, by irradia- 
tion and by keeping stray capacitance of the impulse circuit and 
test gap to a minimum. 

Dr. H. Edels: I am pleased that the authors’ results appear to 
substantiate reasonably my earlier criterion that arc initiation 
will occur if the impulse-generator discharge has a voltage, v,, 
which is less than the power-source voltage, V, for a time long 
enough to allow the current from the power source to build up 
to an arc value. The critical condition, it is suggested, is when 
this time is just sufficient for the current to reach the glow-to-arc 
transition value. Consideration of the author’s results led me 
to propose in the London discussion a modified criterion for 
positive-polarity follow. This criterion, and the authors’ work 
also, indicate that high-voltage follow might be more suitably 
defined as ‘glow follow’ and, similarly, heavy-current follow as 
‘arc follow’. In this way the curves in Fig. 3 of Paper No. 2707 
can be continued into the h.v. region. From Table 2 of this paper 
it would appear that for positive polarity the i,,, values reflect 
true critical gap conditions. However, for negative polarity the 
i,,, values must surely represent the currents in the power source 
at ¢,, and do not therefore denote gap conditions. 

Dr. L. L. Alston and Professor F. M. Bruce (in reply): In reply 
to Dr. Whittaker, the formula for calculating ¢, is given in the 
Appendix for the case of ig being negligible: this is stated in the 
line in which the formula is given. There is therefore no question 
of t, being increased by ip. It is explained in Paper No. 2707 
that it is both desirable and practicable to design synthetic 
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circuits so that ig is negligible, and Dr. Whittaker’s concluding j 


paragraph supports this view. 


With reference to Fig. 5 of Paper No. 2707, Dr. Whittaker: 


discusses in detail the mechanism by which vp is increased when 


Z is reduced. He explains that, if i, builds up from a negative: 


value, i,, may tend to become negative, so that a large V9 is 
required for arc initiation. Now, the initial negative value from 


which i, builds up is, in fact, ip. If ip is relatively small, i, becomes } 


positive while ij, is still large, and there can be no question of 


—_ 


= 


iz, becoming negative. 


to a low value; in this case, vg may have to be increased in order 
to prevent i,, from becoming negative. Dr. Whittaker’s discus- 
sion therefore shows that the increase in vg is due to ip being 
large, which is what we said in Section 6. We agree that this 
appears to be contrary to Dr. Whittaker’s earlier statement that 
large negative values of ig alone cannot compel the critical Vp 
to rise. 

Dr. Edels’s comments are gratifying. We are aware of his work 
in this field, and we have discussed it in Paper No. 2708 (Section 
4). The criterion to which he refers is, in fact, that which we have 
derived from eqn. (2) of that paper, and from which we have 
derived the more precise glow criterion. The criteria for high- 
current follow are different, and are given in Paper No. 2707. 

It would be misleading to differentiate between the two 
mechanisms of follow current by the terms ‘arc follow’ and “glow 
follow’, because in both cases the establishment of follow current 
implies the initiation of an arc. The discharge does not neces- 
sarily degenerate into a glow when high-voltage follow current 
is initiated. Glow periods occur only under limiting conditions; 
and ‘even then their duration is short compared with that for 
which the discharge has an arc characteristic. 

Dr. Edels’s comments on Table 2 are true and self-evident. 
The significance of ‘critical’ is defined in the Papers; it is critical 
for our experimental conditions, which include the gap and the 
circuit. We have shown, however, that on positive polarity the 
gap current corresponds to a critical gap condition. 


DISCUSSION ON 


“RECENT DEVELOPMENTS IN MEDIUM-VOLTAGE H.B.C. FUSE LINKS’* 
SOUTH MIDLAND SUPPLY AND UTILIZATION GROUP, AT BIRMINGHAM, 12TH JANUARY, 1959 


Mr. J. A. Robbins: The author’s comments on the attempts 
made to achieve some uniformly acceptable standard for fuses 
for both the U.S.A. and Canada are extremely interesting, 
although it is never an easy task to persuade other countries to 
adopt our standards. We have recently had a similar experience 
with miniature circuit-breakers when trying to persuade the 
various Continental countries to agree upon a common minimum 
tripping-factor. While in this country we think in terms of a 
tripping factor of 1-3, corresponding to the author’s fusing 
factor of 1-3, the Continental countries are quite adamant that 
they want a factor of about 1-8 to correspond to normal fuse 
performance. In other words, while we like to take advantage 
of the closer protection that these circuit-breakers can give, the 
Continental attitude is that nothing must interfere with their 
accustomed practice of loading a 10 amp circuit to 15 amp. 

I am interested in the attempt to design fuses to give close 
protection without deterioration. This is quite a worry to starter 
manufacturers. Quite recently we have had several instances of 


* Dean, R. H.: Paper No. 2419 U, October, 1957 (105 A, p. 263). 


coil failures caused by fuse deterioration and consequent low 
voltage on the coil. 

A final point of interest is the author’s comment that, in the 
United States in particular, it is felt that rapid operation under 
heavier fault conditions is desirable, in order to give better 
earth-leakage protection. This in some ways is rather a myth. 
For complete shock-risk protection at normal voltages, circuit 
isolation should occur in about 10 millisec. It would need 
exceptionally good earthing conditions for even a 30amp ring- 
main fuse to clear in times of that order. 


If, however, ig is relatively large, i, may’ 
remain negative for a relatively long time, during which ij, falls ; 


\ 
! 
\ 
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Mr. W. J. Elliott: Doubt is sometimes expressed about the 


possibility of obtaining in practice the high fault levels which 
have been calculated as the requirements of fuse specifications. 
In some recent tests on fault levels in a large factory we obtained 
figures varying between 18 and 2-5kA. Comparison with 
calculated figures for the installation showed the greatest 
accuracy at the highest values, and nowhere was the error of 
calculation greater than 12°. There is little doubt that the 
breaking capacities specified in B.S. 88 are necessary, and even 


the high figure of 80kA required by the C.S.A. can be met by a 
umber of British manufacturers. 
There is a limit to the use of very low fusing factors, unless the 
time lags of fuses such as those described in the paper are sufficient 
to allow the passage of starting current for a sufficiently long 
time. It is doubtful whether the 1 sec delay shown in the curves 
will be sufficient to pass this starting current without some 
-derating of the fuses. B.S. 88 ratings go up to 1200 amp, and 
with all fuses larger than the 600 amp rating, which is the maxi- 
mum in the paper, it is likely to be difficult to meet the tempera- 
-ture-rise requirements at very low fusing factors unless physical 
sizes are increased. Since this would increase the size of the 
switchgear, it would be an unpopular decision. 
Since one would not expect an accuracy greater than +5% 
in fusing current for a given time, especially in the time-lag zone, 
_it would appear that the author has been particularly fortunate 
in his choice of a fuse which could be run continuously at 95° 
_of its forecast minimum fusing current. Is it not likely that the 
: fuses have, in fact, a higher fusing factor than is aimed at in the 
_ design? 
: Mr. V. D. Long: Will the author compare the fuse-link ratings 
3 required with dual-element fuse-links and silver wire fuse-links, 
_ when used to protect motors with direct-on-line starting? What 
_ effect would these fuse ratings have on cable size when complying 
with The Institution’s Wiring Regulations in connection with 
_ fuse rating to cable rating? 
: Mr. A. J. Mare: The fuse described has no external indicator 
_ and I do not see any mention of it in the paper. Is it purposely 
- omitted from the design of h.b.c. fuses, or does the inclusion of 
an indicator upset the performance characteristics in any way? 
_ Mr. F. N. Dalman: Does the care which the Americans take in 
4 choosing fuses with a small fusing factor mean that they use their 
- material much more economically in cables than we do and 
- therefore have less margin of capacity in the cables and more 
need to protect them? 
I found difficulty in following the description of the dual- 
_ element strip where the author says that ‘with two zones in series 
there are, on operation, two parallel circuits, each having four 
arcs in series’, and shall be glad to have this clarified. 
- Inconnection with discrimination the author makes the point 
_ that if the pre-arcing constant of a larger unit is more than twice 
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that of the smaller, discrimination will occur. From Table 2 
I notice that, with fuses in the series of sizes given, the higher of 
any pair has a pre-arcing constant more than double that of the 
smaller, e.g. the 60 amp fuse appears to have a pre-arcing constant 
twice that of the 30amp one, and so on. This suggests that 
discrimination is possible with 400 and 600amp fuses in series. 
Will the author confirm this, because it is a much smaller ratio 
of sizes for obtaining the discrimination than I have previously 
seen ? 

Mr. T. D. G. Wintle: Consider the use of fuses with motor 
control gear; the starter itself must be capable, by specification, 
of breaking eight times the full-load motor current. Conse- 
quently, there is no need for close fuse protection, provided that 
the overload unit will carry out its duty. and is of a sufficiently 
robust construction to withstand overload currents up to the 
minimum blowing current of a fuse. 

During a recent visit to the United States I was told by a large 
fuse manufacturer that enormous numbers of American ‘pennies’ 
were collected from consumers’ fuse units, and i suggest that part 
of the great popularity which the miniature circuit-breaker has 
achieved in America has been based on the view of the supply 
authorities that it is better to have a unit with which the consumer 
cannot tamper. I also found that increasing use is being made in 
North America of circuit-breakers including h.b.c. fuses—a very 
useful piece of equipment, because one has all the advantages of 
easy and correct restoration of the circuit up to fault levels of, 
say, 10kA and the circuit-breaker itself is protected by the fuses 
on the few occasions when really heavy short-circuit currents 
have to be broken. The large number of rewirable fuses at 
present used quite successfully in this country show that fault 
levels of even 1 kA are unusual, and we should not deny ourselves 
the advantage of devices which have been used both in the 
United States and in Europe for many years. 

The paper described a heat run of 43 hours. Is this a sufficient 
time to give a proper indication of deterioration? We have had 
criticism that 1000 hours is insufficient for the small fuses used 
in 13amp plugs, and I would therefore think that 43 hours is a 
very short period unless there is some statistical reason; if there 
is, I should be glad to have further information. 

Mr. R. A. West: Many years ago I had some discussions with 
one of the author’s colleagues on the question of h.b.c. fuse 
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Fig. E.—Variation of heating effect with fusing time. 


(i) 18 s.w.g. wire and 25 amp fuse. 
(ii) 7 s.w.g. wire and 200 amp fuse. 
(ii) 0-4 in diameter rod and 200 amp fuse. 
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protection, and it was claimed that the thermal memory of their 
fuse would enable it to protect a fairly large motor—say 75— 
100h.p.—for starting a sugar centrifuge. It would be taking 
approximately its stalled current for 30-60 sec and then there 
would be a rapid fall off in current. How close is it possible to 
match the time-constant of the motor to that of the fuse? The 
apparatus to be started may have a high-inertia load, and it may 
be half-started and then stopped several times in succession. 

Mr. S. Taylor: In Section 6 the author states that the energy- 
limitation ratio has a bearing on the calculation of cable heating 
and energy released at the fault. It is perhaps not generally 
appreciated that the most severe heating condition will not 
necessarily be produced by the energy which the fuse permits to 
pass when operating on maximum fault current. 

The heating of conductor in series with a fuse is, of course, a 
function of (1 — e~*/*), where 7 is the heating time-constant of 
the conductor and ¢ is the fusing time of the associated fuse. 
When the values taken from a fusing-time characteristic are 
applied to this expression and plotted to show the variation of 
heating effect with fusing time, the result is as shown in Fig. E 
for three typical cases. It will be seen that there is an optimum 
fusing time which produces the maximum heating effect and 
in most cases this will be found to occur at the minimum fusing 
current. 

Mr. R. H. Dean (in reply): This discussion follows lines similar 
to other centres, the main interest shown being in the low fusing 
factor of these dual-element fuses coupled with the capacity to 
pass, without deterioration, overloads of the magnitude of a 
direct-started motor, so that the current rating of the fuse may 
be of the same order as the full-load current of the motor. 

Mr. Robbins points out that on the Continent they seem to 
have given up hope of obtaining protection either in small 
circuit-breakers or fuses on faults between 1-0 and about 1-8 
times full-load current. In North America they insist on the gap 
being closed to 1-3 and obtain this economically. A fuse cannot 
provide shock-risk protection, but a low-fusing-factor fuse on a 
high-resistance fault will blow where a high-fusing-factor fuse 
will not operate and thus provide better earth-leakage protection. 

I cannot agree with Mr. Elliott that fuses in this country 
should have breaking capacities in excess of the present maximum 
requirement of 46kA. The North American requirement of 
80kA is for 600-volt fuses. Our voltage of 440 volts reduces the 
magnitude of potential fault. Up to a continuous fuse rating 
of 1:2kA, cooling to fulfil temperature-rise requirement is not a 
serious difficulty; ratings of 2~-6kA would require artificial means 
of cooling. The minimum fusing current is defined in Clause 18 
of B.S. 88: 1952, which permits a theoretical variation of 10°. 
We find that these fuses operate satisfactorily on 95°% of the 
assessed minimum fusing current, as the tests to prove non- 
deterioration show. Variations in individual fuses, when 
subjected to these small overloads, do not seem to affect the 
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current at which the fuse will operate so much as the time i 
takes. fi 

Mr. Long asks for a comparison of silver-wire and dual 
element fuses when used for cables controlling direct-startec 
motors. This is given in Table A,* in which the dual-elemen 
figures are based on a starting peak of less than seven times the 
full load current of the motor for 2-3 sec—which approximate: 
to five times for 10sec. Rule 316 of the Wiring Regulatio 
relates the current rating of the fuse to that of the cable. Th 
effect of a fuse with a low minimum fusing factor can be dramatic: 
as shown in Table B.t 

The provision of indicators to show a blow is raised by Mr: 
Mare. They are never used in North America, but in this 
country there are periods when they are fashionable, as at 
present. My opinion is that they quite often misfire, and unles 
such a device can be made 100% certain, it can be a source of 
confusion and danger. They also add to the cost of a fuse mor 
than most people realize. Modern indicators do not, however, 
affect the performance. 

Replying to Mr. Dalman, I do not think that the use of a sma 
fusing factor affects the size of cables used in North America. 
Regulations vary, but, in general, the copper area seems to 
much the same in both countries. Discrimination between, say,. 
a 400 and a 600amp fuse link is obtained, and an even close 
ratio can be used if the available fault current is small. This is: 
rarely required, however, and the rule of 2-1 between ratings is: 
generally used. ‘ 

I would remind Mr. Wintle that the paper refers to fuses fo: 
general distribution; fuse links for use as back-up protection: 
in control equipment and switchgear are a particular duty I have: 
not attempted to cover. They require special characteristics: 
different from the ordinary fuse. The heat run to prove non- 
deterioration on minimum fusing current less 5% happened to 
stop at 43 hours. Any period of over 24 hours would be suf- 
ficient. | 

In reply to Mr. West, fuses are used as the sole means of motor 
protection only in special cases. All fuse links have to some 
extent a ‘thermal memory’, but the time-constants are much 
smaller than the apparatus they protect. 

Mr. Taylor raises a very pertinent point when he shows that 
the most serious heating condition for a cable is not necessarily 
on maximum fault current, and his Fig. E. indicates this to be on 
currents associated with minimum fusing currents. The fusing 
factor of the fuse links used are not given, but I suspect that it 
will not be to Class P B.S. 88: 1959. The temperature rises 
shown are unlikely to be caused by a fuse blowing on 25% over- 
load. These curves bring out a feature I have tried to stress in 
my paper, namely the wisdom of providing a fuse link with the 
capacity to blow on 25% overload after a suitable time. This is 
insisted on in North America. 


* See 105 A, p. 276. t+ See 105 A, p. 277. 


They were set at the correct height to the finished floor. 
_ the tubes were laid in a particular section, concrete was poured 
all round them, and finished complete to the working height. 
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Mr. G. V. Sadler (at Manchester): Since I spoke in the London 
discussion about the floor-warming scheme recently installed in 
a bay at our factory, I shall only add a few words about the 
floor construction, which may interest those contemplating 


similar schemes. 


The whole floor had to be completely homogeneous, in order 
to withstand hard use and heavy loads. The heating tubes were 


_ therefore laid originally on a series of triangular concrete plinths, 


set up on the hard core before any concreting was commenced. 
When 


It was considered that, if the heating pipes were laid on an already 


hardened concrete base and a further 24in depth of concrete 


screed were laid on this, there would be a risk of cracking in use. 
So far, the construction adopted has proved satisfactory, but 


care was necessary to prevent any concrete entering the heating 


pipes at the joints. 

The control gear for the whole scheme consists of four con- 
tactors suitably controlled by thermostats, and the load of 
510kW is divided into four approximately equal sections. 

The paper mentions the use of a thermo-time regulator, but 


- in our experience this has not proved sufficiently accurate to 


ensure that the load is completely off peak, and a further standard 
clockwork time switch has been inserted to ensure that off-peak 


_ hours are strictly adhered to. 


With regard to domestic heating, I do not agree with the 


_ authors that the upper rooms of a house are sufficiently warmed 


_ by ground-floor heating, and I should be interested to know 


Op Ai a) 


what arrangements have been developed for heating the normal 
timber floors of upstairs rooms. Mes 

I notice that recently an electrically-heated carpet underfelt 
has been introduced, but this would seem to have potential 
dangers to children, as against the more permanent built-in 
heating system in the floor itself. 

I was interested to note the tariffs offered by the South of 
Scotland Electricity Board for off-peak domestic heating. The 


present comparable tariff in this area is 0-875d. per kWh for 
- off-peak heating, as against 1d. per kWh for 24-hour heating. 
In addition, £2 per annum is charged for the hire of a time 


switch. I submit that this differential is not sufficient to 


encourage potential users to have off-peak fioor-warming 


systems, and that a figure more nearly approaching 0-75d. 
per kWh is needed as an incentive to develop this load. 

Mr. R. J. B. Hore (at Manchester): From the installation 
contractor’s point of view, the solidly-embedded type of floor- 


- warming panel has the advantage of simplicity and speed of 


laying. Since the element and its protection are combined in 


one unit, it is unnecessary for the electrician to make two visits 


to the site to carry out the job, and little storage space is required 
on site. It is also considerably easier to provide protection 


against corrosion for this type of system. The criticism usually 


* Moute, J. W., and STEVENSON, W. M.: Paper No. 2330 U, February, 1957 (see 
104 A, p. 424). 
Vox. 106, Part A. 
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levelled at the embedded installation is the difficulty and expense 
of repairing faults. This has not, in practice, been found to be 
a disadvantage; as the authors suggest, modern apparatus is 
capable of very accurate fault location, and the insertion of 
joints in the cable causes little disturbance to the floor structure. 
The selection of a solidly-embedded system has the merit of 
reducing capital costs, particularly those attributable to labour, 
and therefore it compares even more favourably with solid-fuel 
and other forms of heating. 

Mr. F. A. Pullinger (at Manchester): The authors’ contention 
that water-heated floor warming has not been much developed 
in this country is hardly correct. There are thousands of such 
installations and much research has been done, notably at the 
Building Research Station and the National College of Heating 
and Ventilating. The characteristics of floor heating are there- 
fore well known. 

There is no inherent difference between heating the floor with 
electricity or water in relation to comfort or heat input. 
Although it is true that lower air temperatures are possible with 
radiant systems (see Section 3.1), fuel consumption is not pro- 
portional to air temperature. Danter* shows that the required 
heat input to a room for the same equivalent temperature may 
be 5% less with floor heating (whether by water or electricity) 
at full load, but this improvement diminishes at partial load. 
There are also additional direct losses from the floor which may 
be as much as 15-20% of the total heat input to the room and 
can be significant in single-storey buildings. This is confirmed 
by Dick.t 

Presumably the calculations in Table 2 refer to the school H 
in Table 1. As shown above, the heat input to the building will 
be at least as great with floor heating as with radiators. The 
savings due to the radiant source and the absence of second-order 
losses due to distribution are more than compensated by the 
direct floor loss. Normal calculations confirm that the input 
of electricity to the floor or the heat equivalent with fully- 
automatic clock-controlled oil firing with radiators would be 
about 1-29 GW per annum, no labour being required with either 
system. Automatic coal-fired stokers would need more heat, 
say 1:-6GW, owing to the need to kindle at night, and they 
would also require labour. Total capital costs of £22000 would 
be amply sufficient for coal- or oil-fired radiator systems. 
Recalculating capital charges on this basis and assessing the fuel 
cost of oil at £1800 would give the annual total heating cost as 
£4170 against the electric floor-warming figure of £5 930. 

Mr. J. B. Atherton (at Manchester): My criticism is not of 
the paper but of the employment of electricity for space heating 
unless (i) the energy is superfiuous to other demands, and (ii) 
alternative more efficient, and less costly, methods are lacking. 

Electricity generation is governed by coal supplies and plant 
capacity. Coal output has declined over the past 40 years 
(280 million tons in 1913 to 204 million tons of inferior quality 

* DanterR, E.: ‘Some Design Considerations of Floor Heating’, Journal of the 
Institution of Heating and Ventilating Engineers, 1957, 25, p. 53. 


Dick, J. B.: ‘Experimental and Field Studies of School Heating’, Journal of 
the Institution of Heating and Ventilating Engineers, 1955, 23, p. 88. 
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in 1950). The National Coal Board is to raise this to 240 million 
tons per annum by 1965. 

The Central Electricity Generating Board, for its part, will 
spend £300 million on atomic power stations, and is now heavily 
committed on new orthodox stations to make good the defi- 
ciencies of past years; this new plant will increase coal con- 
sumption to over 60 million tons per annum by 1965. A White 
Paper published in February, 1955, quoted a nuclear contribution 
of 2GW (saving 6 million tons of coal) by 1965, but a total coal 
deficit of some 50 million tons is visualized. Failure to cope 
with the load is nothing new, if we recall the cuts and chaos of 
the years 1945-47. The electricity deficit in 1951 was quoted 
at 2-5GW and increasing at the rate of 8% per annum. During 
1946 the home market was flooded with 2 388000 electric fires, 
which coincided with load-shedding. Although apparently not 
the concern of the supply industry, it was very much their concern 
to energize the fires. A widespread campaign of floor warming 
might prove equally irresponsible. 

This country lags in world markets, and more power per man 
is required (the United States has three times ours) for a longer 
time. Round-the-clock working may come, and off-peak 
periods may vanish. If given only a limited amount of elec- 
tricity for a factory, should it be used for power, heat, process or 
lighting? In the home, would you rather see, or have a warm 
floor, on a dark morning? The issue may be as simple as 
that. 

Mr. W. N. Shires (at Manchester): I have recently been asked 
to prepare a scheme for heating a large garage which will require 
a load of 198kW. It is planned to erect the building on a con- 
crete raft, which will form the structural floor and protrude 
beyond the outside walls at ground level. I understand that 
end losses are considerable and should be minimized by the 
introduction of thermal insulation. In the circumstances, how 
would the authors include thermal insulation? 

Mr. H. Coase (at Manchester): The use of off-peak electricity 
for heating is a logical development in power-station economy, 
but if it is to be attractive to the consumer, running costs must 
be truly comparable with those of other fuels for equal comfort. 
Electric cables in solid floor slabs are a wrong application. 
Thermal-storage systems with water as the storage medium are 
much preferable. The large storage vessels of pre-war and early 
post-war schemes need not be envisaged. The mid-day charge, 
the development of intermittent heating where the period of 
heating boost is in the off-peak charging period, and artificial 
pressurizing methods utilizing higher storage temperatures, all 
lead to smaller storage vessels. 

Intermittent heating has been shown by Dick, Harrison and 
others to make for considerable fuel economy, and systems 
designed for intermittent heating should have low thermal 
capacities ensuring quick heating and short boost periods with 
rapid response to automatic controls. Embedded floor panels 
have the longest time lag of any system, and, as such, they are 
not suitable for intermittent use. 

Heating engineers’ experience suggests that equivalent tem- 
peratures of 65° F cannot be met with floor temperatures of 73° F. 
I do not understand how the heat is stored if 73°F is the maxi- 
mum floor temperature. Since this temperature will be required 
later in the day to offset room heat losses under maximum 
conditions, the floor-surface temperature will have to be con- 
siderably higher than 73°F at the start of the occupied period. 

How do room thermostats work, since they can neither call 
for heat nor shut it off when the occupied period coincides with 
the forbidden consuming hours? How does the storage-control 
thermostat ‘guess’ in the middle of the night what the outside 
temperature is likely to be on the following afternoon? 

Mr. P. S. Watson (at Hove): The authors suggest that the 


emission of heat from a covered floor is affected by the emissivity 
of the material used in the covering, but they then state that, in: 
rooms with fitted carpets, there is no appreciable loss of heatt 
emission from the floor. Perhaps they can enlarge and explain 
this point. | 

In Section 4 it is stated that, for floor-warmed buildings, , 
thermal insulation is specially important. I think the authors} 
will agree that this is quite incorrect and that, whilst good! 
insulation is beneficial, it applies to all buildings. | 

Since they are using the recommendations of the Institution) 
of Heating and Ventilating Engineers, I do not understand why i 
the authors should suggest that the electrical loading must be} 
sufficient to ensure that the energy input during off-peak periods; 
meets the heat losses during 24 hours. In my experience this is} 
unnecessary, since the enormous heat bank established on the: 
ground floors is sufficient to maintain comfort conditions during: 
cold spells with a maximum of only 12 hours’ heat input at} 
calculated hourly heat loss. I agree that the basic design tem-: 
perature should be lower than the normally accepted 30°F. Ini 
the south-east of England I am using 25° F in each case. 

I am puzzled by the authors’ contention that the controlling ; 
regulator should be designed to provide a minimum of four’ 
hours’ electricity input each night. In fact, this seems wasteful, , 
for experience in the south-east of England has clearly demon-- 
strated that, on some warm evenings following a cold spell, no) 
electricity was required during the night, whilst comfort condi- : 
tions during the following day were well maintained by the; 
thermal-storage properties of the warmed floor. 

I challenge the authors’ comment that floor warming is} 
obviously unsuitable for heating a hall which requires only one¢ } 
or two hours’ warmth occasionally. A church is being erected | 
in the south-east of England, and it is proposed to heat it) 
regularly by an input at off-peak periods of two hours per day. 
At week-ends a thermo-time regulator will be switched in to 
take over in the normal way. I believe that church heating, in 
particular, needs special consideration. On a cold day the con- | 
gregation arrive warmly clad to withstand the external elements. 
In the absence of cloakroom accommodation they are obliged | 
to sit warmly clad during the period of the service. It is thus 
obviously undesirable to attempt to heat the building to any-. 
thing like the temperature required in the office or home, and, | 
in my opinion, a moderate degree of heat, strongly supported by | 
a warmed floor to give foot comfort, is ideal. 

A machine has been developed in this country to cut slots in 
existing concrete floors so that solidly-embedded floor-warming 
cables can be laid. A test installation by this means will shortly 
be carried out at Orpington. This will provide the solution for 
those who are concerned with installing floor warming in existing 
buildings already fitted with concrete floors. : 

Mr. G. R. Lomax (at Hove): Having lived in an electrically 
floor-warmed house for over two years, I would not willingly 
change to any other form of space heating. 

Before the method can be extended on a wide scale to dwelling 
houses, architects, builders and potential users alike must be 
converted to the necessity for building houses without chimneys, 
which are not required for floor warming. The aim for thermal 
insulation should be an overall value for U of 0-15 or less. 

There are advantages in dividing each heating grid into two 
equal circuits so that alternative standards of heating can be 
obtained by using either series or parallel connections. This 
can be accomplished without significant increase in cost. The 
lower rating designed to give a 10-15°F rise may be used where 
there is no cheap off-peak tariff and/or to provide a high degree 
of background warmth only. The higher rating designed for 
a 30-35°F rise may be used for ‘whole house’ heating with 
restricted hours of charging. Auxiliary small-capacity portable 


| 
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: adiant heaters fitted with individual thermostats would provide 
topping-up’ heat where required. 

Mr. D. F. Hunt (at Hove): In Section 4.2 it is stated that the 
electrical loading must be sufficient to permit the energy input 
during off-peak periods to meet the heat loss throughout 24 hours. 
With a 12-hour restricted supply one would expect a loading 
calculated in the conventional manner to be doubled. In fact, 
we know that there are factors which make it unnecessary to 
double the load in such a case, but surely the fact that the intake 
is restricted means that some increment should be added to the 
calculated load. 

_ Will the authors explain how this increment is calculated and 
why, in Table 1, which gives details of 12 installations, in only 
two cases are the installed loadings higher than the standard 
conversion factor would give, and, in fact, in five cases the 
loadings are lower than would be so obtained. 
_ In Section 4.3 it is stated that the consumption may be esti- 
mated by multiplying degree-days by hourly heat loss and 
dividing by 3412. If this formula is applied to Table 1 a degree- 
day figure of approximately 1500 is required to balance the 
equation. This is surely too low for Scotland. 
_ Mr. C. Morris (at Hove): The authors state that the residual 
Moisture in normal cement screeds sometimes gives rise to con- 
siderable trouble, and often causes the finished floor covering to 
lift from the screed. 
_ These difficulties can be obviated by use of a synthetic anhy- 
_ drite screed, which is laid very much drier than cement, and, even 
under the most adverse weather conditions, completely dries out 
within ten days. 
_ When a screed dries the moisture content is reduced to a 
_ point which is dependent upon the humidity and the temperature 
of the air. Thus a certain amount of moisture remains in the 
screed, although it gives off no more moisture and is ‘dry’ from 
the point of view of coverings. This residual moisture escapes 
from the screed when a drier and warmer air occurs, as is the 
case when there is floor heating and the screed layer is 
warmed. 
_ The residual moisture of synthetic anhydrite mortar with 60- 
70% relative humidity and an air temperature of about 64-68° F 
_is generally below 0:6% weight; that of a cement mortar, under 
similar conditions, is from 2 to 3% weight. If the floor-warming 
system warms the screed, the residual moisture is gradually 
driven off. However, this is no longer possible after the screed 
surface has been covered with a dense floor covering. Under 
these circumstances the adhesive material used is liable to be 
destroyed by the moisture, which cannot escape. Blisters can 
occur and the floor covering becomes unstuck. The greater the 
residual moisture in the screed, the more danger there would be 
of this happening. With a synthetic anhydrite screed the amount 
is low and there is little danger, while with a cement screed the 
danger is considerably greater. 

Mr. W. M. Hime (at Hove): What are the authors’ views on 
withdrawable and embedded systems, and under what circum- 
stances do they recommend either system? With the monolithic 
type of floor used at Motherwell, is there much difference in the 
laying time for this type of screed, and also, when a very dry 
mix is employed, is there likely to be a reduction in the annual 
energy consumed in the first and second years? In other words, 
is the higher consumption in, say, the first two years due to 
moisture being driven off? 

Mr. F. Richardson (at Bristol): The paper comes to the 
south-west at a time when public attention is focused on elec- 
tricity generated from atomic power by the building of two such 
stations within a radius of 50 miles of Bristol. It is relatively 
well known that machine load factors in excess of 75% must be 
obtained to make the best economic use of this highly capitalized 
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plant, and one of the ways of securing a bigger base load is to 
develop off-peak utilization. 

Off-peak electrical floor warming is a comparatively cheap 
way of storing electrical energy, and the pioneering work of the 
authors and a few others is paving the way for the rapid expan- 
sion of this form of load development. 

Although the climate in the south-west is somewhat milder 
than in Scotland, space heating in winter is essential. Off-peak 
electricity could be used much more extensively to heat the many 
new buildings under construction and contemplated, by means 
of floor warming which is cheaper to install than most orthodox 
systems. Over the last two to three years the South Western 
Electricity Board has taken positive steps to build off-peak loads, 
by offering attractive tariffs, and making these and the many 
other benefits of electric heating widely known throughout the 
Area. As a result, in 1956-57 we doubled the load connected 
during the previous year, which, although quite modest compared 
with the achievements in the south of Scotland, gives some 
indication of the scope of this form of heat. The main field at 
present is in industry and commerce, but domestic interest is 
growing rapidly. 

The keenest critics of electrical floor warming are the sup- 
porters of oil and solid fuel, who usually base their criticism on 
a direct comparison of fuel costs. When the saving in capital 
charges, due to a cheaper electric heating system and the non- 
provision of chimneys and fuel storages, is taken into account, 
off-peak electric storage heating is often cheaper, even at present- 
day prices. 

Table 2 of the paper gives a balance sheet for solid fuel and 
off-peak electricity supplies, which confirms the results of investi- 
gations made by this Area Board. A factor seldom taken into 
account by architects and heating engineers is the possible fuel 
price trends over the life of the buildings to be heated, which may 
be, say, 20-40 years. While this may be somewhat speculative, 
there can be little doubt that the advent of atomic power has 
brought us to the threshold of a new industrial revolution, which 
is bound to result in cheaper electricity in a world of rising prices. 

In connection with a floor-heating installation in a new store 
at Plymouth, covering 15000ft?, we have been asked by the 
Factory Inspector to install an earthed-wire mesh above p.v.c. 
sheathed cables to reduce danger from electric shock. As similar 
requests have been made in Scotland and elsewhere, can the 
authors state whether this requirement is justified and effective 
in practice? Expanded metal is also used in the floor, above a 
particular withdrawable floor-warming system, and this is 
claimed to diffuse heat more evenly over the floor. Bearing 
in mind the low thermal capacity of the mesh, does this, in 
practice, diffuse the heat, and, if so, is it necessary to do so, 
having regard to the small temperature difference likely to exist 
between element centres? 

The authors mention that floor-heating installations in build- 
ings of substantial construction can be operated without a mid- 
day boost. Does this apply where acoustic insulation is used 
immediately under the screed to reduce sound transmission at 
intermediate floors in multi-storey buildings? 

Mention has been made of edge insulation at ground floors 
of buildings; would the authors give details of the methods, 
if any, used at intermediate floors, in order to prevent heat 
transfer from the floor to the building fabric in multi-storey 
flats ? : 

Much fundamental work has already been completed in 
developing electric storage floor heating, but some problems will 
bear further study. We are using the store previously men- 
tioned as a research project, designed to give information on the 
operating characteristics of most of the floor-warming systems 


now known in this country, and also the economics of edge and 
* 
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derfloor insulation. It is hoped that the project will Mr. W. F. W. Lewis (at Bristol): 1 want to draw attention to 

oe aebranas to the growing knowledge of this technique. points in the paper which might be fastened upon by competitors: 
Mr. F. P. Phillips (at Bristol): Do the authors feel that under- in the heating field anxious to discredit electrical floor warming. 
floor thermal insulation may usually be omitted? Would this For example, the consumption of electricity in Table 2 is given 
also apply if the subsoil were very wet? When heating is as 1:29GWh, and this is equated against a solid-fuel consump-, 
switched on only at night, by how much does the total consump- _ tion of 500 tons. It can be shown that, taking average calorific 
tion in kilowatt-hours exceed what would be required by con- values, in terms of heat input the efficiency of the solid fuel! 


ventional electrical heating energized during the day? system is as low as 30%. This would certainly be open to dis- 
How important is the earthed screen over a p.v.c.-insulated pute, and 50% might be taken as a more reasonable figure > | 
and buried conductor system? system efficiency. 
Mr. G. Haynes (at Bristol): I am interested chiefly in the It would be of greater help in advancing the cause of electrical 


maximum demand created by floor-warming installations and in floor warming if a comparison with oil firing were given. It is 
the design of low-voltage networks to meet this demand, if itis likely that oil will be the main competitor in this field in the. 
developed in domestic property. There is also the economic future, at least for new buildings. In general, the financial 
question of whether it pays to develop this load at off-peak rates. advantage of electrical floor warming compared with central 
With reference to the Kirkcaldy flats, a system load curve heating from oil-fired plant is likely to be much more marginal. 
superimposed on Fig. 13 would have been of interest in order to Mr. R. D. Hoskin (at Bristol): The introduction of various 
show the effect of commencing the afternoon boost as early as methods of off-peak loading is necessary if load factors on 
11.0a.m. The low demand, 50% of installed load, or between generating plant are to be increased. 
1-5 and 2kW per flat, is, no doubt, accounted for by some The criticism has been made that, as the thermal efficiencies of 
consumers not able to afford the extra comfort of floor warming conventional power stations will not be very much greater tham 
overnight and incidentally probably using their 2kW fires during 28-30%, the utilization of the fuel by the introduction of floor 


peak periods. warming, rather than more conventional methods, is not likely; 
I do not think that water heating should have been restricted to be improved very greatly. 
to the off-peak periods, as the heavy loading between 11.0 a.m. However, the utilization of fuel in thermal power stations is: 


and 2.0 p.m. and from 7.0 to 9.0 p.m. is undoubtedly caused by _ still very much better than the average domestic installation, and,, 
the water heaters all cutting in together after the morning and allowing for this, the conversion of domestic heating from solid! 
afternoon washing-up. The demand during these two periods fuel to electric should still produce considerable overall savings: 
would have been reduced by 10 and 15kW if water heating had _ in solid fuel, particularly of large coal, which is of most value to) 
been unrestricted. the coal industry commercially. t| 
The South of Scotland Board, being both a generating and With increasing numbers of nuclear power stations coming: 
distributing undertaking, is, no doubt, able to offer rates for into operation, base-load requirements will increase, and floor! 
off-peak loading more nearly matched to the cost of off-peak warming seems the ideal solution to the problem of finding an 
generation than other Boards. Is it possible to obtain special off-peak load. 
bulk-supply off-peak terms for this purpose? In spite of present fuel surpluses, we are likely to be short of 
Most of the installations referred to in the paper will require coal in the next decade by several million tons each year, and 
a substation for their supply, and the total installation would, although part of this deficit will be made up by nuclear power) 
no doubt, bring in sufficient revenue to cover capital expenditure. generation, fuel will have to be imported to fill the gap resulting 
The dwelling houses are somewhat different. With an off- from a deficit in our indigenous fuel supplies. 
peak demand of 7:6kW per house for floor warming and with The universal acceptance of improved methods of domestic 
unrestricted water heating, the night after-diversity demand is heating could do much to close the gap, and greater support 
likely to be in the region of 7kW per house, and the afternoon should be given to all proposals affecting our fuel economy. 
peak, if floor warming is restricted until 2.0 p.m., would probably Electrical floor warming is only one way towards this end, but it 
be about 8kW. If heating commences at 11.0 a.m. the midday is of added importance owing to its beneficial effect on the 
peak, with cooking, is likely to be9kW. Anestate of 65 houses generating industry in respect of loading. 
of this type could be supplied from a 500kVA transformer, and Representations should be made to all responsible bodies to 
the cost of supply is likely to be about £25 per house more encourage this type of heating, by reducing off-peak tariffs as 
than supplying an after-diversity demand of 3kW per house. much as possible and removing the ridiculous anomalies that 
How is this cost to be recovered at the low differential that can demand the payment of purchase tax on off-peak storage electric 
be allowed between the bulk-supply tariff and the off-peak rate heaters but not on floor-warming cable installations. 
to the consumer? The paper demonstrates that we are no longer talking in 
It is noted that heating cables are sometimes laid in metal abstract terms about space heating by floor warming, but that 
tubing with expanded metal across the tubes. Are there any large-scale installations are economically worth while and are 
adverse inductive effects from this system or are two cables laid practical propositions. We can look forward to increasing 
in each conduit? interest in this type of heating in the immediate future, not only 
Mr. A. K. Podkolinski (at Bristol): The system used for heating by local undertakings, but also by industrial users. 
the wooden floor in the gymnasium of St. Mungo’s School could Mr. R. H. Cobbold (at Bristol) : In industrial buildings, difficulty 
presumably be applied for converting existing domestic dwellings could arise in positioning machinery fixings to avoid cables. 
where the normal concrete screed could not be used. It would What recommendations would the authors make to ensure that 
be interesting to know whether It was entirely satisfactory. The the precise position of heating cables is known when it is neces- 
top-layer hardwood strip approximately 1in thick acts as a sary to cut the floor for fixing bolts? Difficulties might also 
fairly good heat insulator, and to achieve a surface temperature arise if it were necessary to put down a foundation block, the 
of 73°F, the heating element must reach a considerably higher need for which could not be anticipated when the original con- 
temperature. Is any fire risk introduced? I would also like to _ struction took place, or if it were necessary to construct a sump. 


know whether the warm mass of sand used as filler between the Would any danger arise if volatile cleaning fluids had to be used 
wooden supports attracts vermin. on a heated floor? 


ee erie No 


use of a building, 
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In general, it would seem that the inflexibility of the under- 
floor system might involve serious restrictions on the change of 
which, in turn, suggests that the useful life of 
the heating system should be considered to be relatively short. 

For domestic purposes, simplicity of control is important, and 
the regulators described in the paper might be beyond the com- 


prehension of many people. As reasonable running costs depend 
_ on careful control, the importance of its being readily understood 


and maintained is considerable. 


The paper gives no figures for downward heat loss, which 
might be considerable, nor does it give any figures showing how 


much heat is stored in floors of various designs. This informa- 


tion would be of value in balancing requirements against cal- 


culated heat losses from the building. 


Mr. R. Croft (at Glasgow): In the paper several floor tem- 


_ peratures are mentioned, and in the south of Scotland the authors 
- design for a maximum floor temperature of 73°F. 
we have some schools with good thermal insulation and others 
_ are not so good. On the average they compare favourably with 


In Glasgow 


schools elsewhere, but with the large area of glazing and the two 
air changes required, I find it impossible to design for a maximum 


floor temperature as low as 73°F. Thus I prefer the more 
realistic maximum limit of 77°F, which the recent research of 


Chrenko establishes as a safe maximum for the avoidance of foot 
discomfort. 

An interesting point in the paper is the mention of the maxi- 
mum temperature drop at Sighthill Health Centre of 2:6°F 
while the supply was off. Can the authors state the period of 
discontinuation and the drop in floor temperature during that 
period ? 

In Table 1, for school E it is stated that the design was based 
on 20°F outside temperature, and it would appear that school 
D was based on 28°F. This gives average internal temperatures 


_ of 62°F for E and 55°F for D, corresponding to the specified 


classroom and corridor temperatures, respectively, these being 
almost the highest and lowest limits encountered in schools. 
I should have expected average values between these extremes. 
Can the authors explain this fact, and also that the loss per 
square foot seems low for a school, that is compared with what 
I have experienced. 

It is stated that the heat loss continues for 24 hours a day, 
and so, at first sight, it would appear that, if electricity were 
supplied for only 16 hours a day, 50% should be added to the 


heat losses to get the installed load. For several practical 


- necessary—20 or 30% usually suffices. 


reasons considered elsewhere, such a high addition is not usually 
From Table 1, again I 
note that the installed load in cols. 6 and 7 is only the heat loss 
of col. 5 converted to kilowatts without any addition. 

With regard to floor insulation, I was pleased to note that the 
authors are doubtful of the economic value of overall insulation. 
I agree that there might be a case for edge insulation in a small 
building like a house, where the perimeter is large compared with 
the floor area, but I am not sure that it is worth while in larger 
buildings. The A.S.H.A.E. Guide gives the ground-floor heat 


oss as 0:81 B.Th.U./ft of exposed perimeter with no insulation 


and 0:55B.Th.U./ft with the best edge insulation. This means 
that, in a classroom with an exposed perimeter of 24 ft, the loss 
is less than 100 watts, which is small compared with a normal 
classroom loss of 6-7kW. Is it worth while troubling the 
architect and complicating the structure for this? 

Mr. LI. Phillips (at Chester): There are many occasions when 
the whole floor area of a room or building is not available for 
the installation of floor-warming cables. How do the authors 
calculate the floor-surface temperature which will obtain in speci- 
fied conditions and thus ensure that a maximum temperature of 


75°F is not exceeded ? 
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Mr. W. A. Hatch (at Chester): I can confirm the comfort 
conditions of floor warming compared with conventional con- 
vection heating after several months’ experience in a large new 
block of residential flats having living-room areas of 20 x 15 ft. 
The unpleasantness of cold feet and legs, and also inherent 
draughts, has been eliminated. However, it is most desirable 
to supplement floor warming in a living room by a ‘booster’ in 
the form of a 1kW electric fire. This enables the basic room 
temperature to be kept to a lower figure and also provides a 
focal point of heat for added comfort with a quick response to 
any change in temperature requirements. 

It is not always realized that floor warming should be regarded 
as a central-heating system and should be switched on at an 
appropriate date and left on for the season under thermostatic 
control, because there can be no quick response by switching 
when dealing with such a large slab of concrete. 

In normally humid areas such as Lancashire, watch should be 
kept on valuable furniture, since warping and shrinkage have 
unfortunately been observed as a result of extended drying-out. 

In the not-too-distant future, when nuclear power stations are 
making a considerable contribution to our total energy require- 
ments, it is conceivable that, with off-peak tariffs, floor warming 
will be the cheapest form of heating in new buildings. A possible 
competitor might be district heating for large garden villages, 
with hot water provided by a reactor station sunk in the ground 
at some central distribution point. 

Mr. J. H. Addenbrooke (at Birmingham): At a previous meeting 
of the Supply and Utilization Group of this Centre, a paper* 
was given on the operational experience at Calder Hall nuclear 
power station. While the technical aspects of the two papers 
are poles apart, I suggest that they are commercially and 
economically connected, and, as the authors have stressed, it is 
most important that we develop loads for these new power 
stations, particularly during the night hours. I sometimes think 
that all Sections of The Institution do not always appreciate 
this point. 

I have had an opportunity of seeing the flats at Kirkcaldy and 
also at Glasgow, and I was impressed not so much with the 
technical aspect, because the authors have ensured that was 
correct and efficient, but with the opinions of the people living in 
the flats. I believe that the main industry of Kirkcaldy is 
linoleum, but there are also a number of mines near there, and 
miners are living in these flats. Miners are invariably in favour 
of coal heating, but we were able to ascertain that those living 
in the flats were impressed and satisfied with the conditions. 

I would like to quote from the report of the Borough Engineer 
of Kirkcaldy: 


Perhaps the most outstanding happening in the year just finished 
is the tremendous interest created throughout the country in our 
experiments in all-electric houses, particularly in the matter of 
electric floor heating. Some 40 English housing authorities have 
sent deputations to Kirkcaldy to enquire into the efficiency and 
economics of the system and the reaction of the tenants. As a 
result of the work done in Kirkcaldy, a number of English cities, 
including London, Birmingham and Wolverhampton, proceeded 
with electrical floor warming. 


It is pleasing to note that, of the three places mentioned, two 
are in the area of the South Midland Centre of The Institution. 

The authors have mentioned commercial and industrial appli- 
cations of electrical floor warming, such as in omnibus garages, 
and a further industrial application is the pre-drying of special 
bricks prior to firing. Have there been any problems due to 
the concrete cracking after installation? 

Mr. R. A. Shilston (at Birmingham): Electrical floor warming 
is used primarily to take energy at night in order to generate 


* Stretcu, K. L.: ‘Operational Experience at Calder Hall’, Proceedings I.E.E., 
Paper No, 2594 S, April, 1958 (105 A, p. 475). 
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and store heat which is given off throughout the day. Fig. 6 
shows that, for several days, the outside temperature was below 
the design figures. It has been suggested that satisfactory 
internal temperatures are obtained because of the large storage 
effect of heated ground, which can emit for limited but long 
periods more heat per day than has been generated by the 
energy used during the same period. When heating cables are 
embedded in a comparatively thin screed, such as in blocks of 
flats where acoustic insulation is provided below the screed, are 
prolonged cold spells likely to give rise to unsatisfactory air 
temperatures ? 

I would welcome information regarding the calculation of 
installed loads and electricity consumptions. The paper indi- 
cates the rational methods of calculation, but these do not corre- 
spond with the figures in Table 1. In most cases the hourly heat 
loss is almost exactly equivalent to the installed load and in only 
three cases is there more than a 10°% margin. Where energy is 
supplied at off-peak rates for, say, 15 hours per day, the installed 
load should be 24/15 times the equivalent hourly heat loss. 
Can the authors confirm that off-peak supply is used for these 
installations, and if so, for what periods? If the rational method 
has not been used, can they indicate what alternative calculation 
is correct? There seems to be a similar discrepancy between 
estimated annual consumption in Table 1 and the results obtained 
from the formula in Section 4.3. 

Mr. S. C. Dinenage (at Birmingham): The authors state in 
Section 3.2 that heat ‘disappears downwards into the earth’, and 
later, that ‘downward heat loss can be minimized by . . . a layer 
of heat insulation material under the floor’. With a storage- 
heating installation on a dry site, heat that is conducted down- 
wards into the soil remains stored there until temperature con- 
ditions enable it to be recovered and make a useful contribution 
to the heating requirements. Except on a damp site, the intro- 
duction of insulation other than at the perimeter may reduce the 
building’s thermal inertia on which we rely. 

In Section 5.1.1 screed thicknesses of 14 or 2in are mentioned. 
My experience has been that, for thermal storage, 2in is the 
absolute minimum and 3in is to be preferred. With the thinner 
screed, thermal resistance to upward heat flow is low, and a 
balance between input and output is reached too soon in the 
charging cycle. Increasing the screed thickness enables more 
heat to be stored both above and below the cables. 

A problem arising in domestic premises where radiant heating 
is employed for ‘topping-up’ purposes is the difficulty of ensuring 
that a full charge is put into the floor when the radiant heating 
provides a substantial proportion of the total heating, holding 
off the thermostat controlling the floor warming until late in the 
permitted charging period. Have the authors found a solution 
to this difficulty ? 

The elimination of chimneys will necessitate the provision of 
additional means of ventilation if floor warming is not to be 
blamed for stuffy conditions. 

Have the authors any experience of the generation of static 
electricity causing shock owing to the excellent insulating 
qualities of warm carpets? Three cases have come to my notice 
recently during conditions of low relative humidity, and the 
phenomenon can be quite alarming. 

Mr. A. J. Mare (at Birmingham): The authors mention that, 
with a substantial type of building, a 12-hour on-off period of 
heating will keep the building warm. Presumably the domestic 
house has insufficient thermal capacity for this type of heating, 
which raises the question whether the authors have tried a 
12-hour charge with a domestic establishment using double 
glazing of the windows and thermal insulation of the ceiling 
upstairs. 

With reference to the industrial or commercial use of floor 


warming, where there is an e.h.v. supply and the consumer is) 
charged on maximum demand during the day-time, if his office: 
block is not of sufficient thermal capacity and he installs off-peak ; 
floor heating, he will need supplementary heating during the day, , 
which will increase his day-time maximum-demand charge. 
Under these circumstances, it would seem that, to be of use to) 
the consumer and the supply undertaking, the system must work ° 
on a 12-hour charge. In some cases this is done with a mixture: 
of floor warming and thermal-storage block heaters. On a first: 
or second floor, where there is even less thermal capacity, one? 
presumes that the authors would use an even larger proportion \ 
of block heaters than on the ground floor. A worse case of the: 
first or second floor is where there are anti-noise devices consist- | 
ing of glass wool laid between the screed and concrete beams, 
so that the heat cannot get downwards into the concrete 
structure and can only be stored in the screed. Under these 

circumstances, can the authors state whether there is any possi- 
bility of doing without the midday boost? | 

Mr. R. Yorke (communicated): The off-peak tariff is the key 
to the economic operation of electrical floor warming, since it 
is basically a thermal-storage device. The South of Scotland 
Electricity Board offers extremely attractive off-peak tariffs, with 
the result that the electrical method of heating is competitive. 
In the south of England, however, the Southern Electricity 
Board offers an off-peak tariff which is virtually useless so far 
as the domestic consumer is concerned. A consumer would 
have to use something like 9 MWh per quarter even to begin to - 
make a saving on the meter and time-switch hire charges. This 
is something like five times greater than the average quarterly 
consumption for domestic premises. With reference to Sec+ 
tion 5.2.3 of the paper, where a figure of £40-45 is given as the 
annual cost of floor warming and water heating, the Southern | 
Electricity Board tariff would give a cost for the 11MWh alone 
of about £50, and, together with water heating, the annual costs _ 
would be £80 or more. However, I do not think that the 
cheapest form of heating is necessarily the best, and I have 
installed what may be the smallest floor-warming system in the 
country. This is in my own kitchen and it has a loading of 
350 watts. I decided on this form of heating after first reading 
the paper, and am extremely satisfied with it. 

The authors state that a floor covering of almost any material 
has no effect on the heat dissipation from the floor. How does 
this differ from the application of thermal lagging to a hot-water 
cylinder, where considerable reduction in heat losses can be 
effected by quite simple lagging? 

Mr. S. Scholefield (at Stoke-on-Trent): In this particular 
Sub-Area we have connected, in the last two years, 286kW and 
542 kW, respectively, and we have also connected over 1100kW 
of block storage. 

During the year 1956-57 approximately 1 MWh was used for 
storage heating and approximately 3MWh in 1957-58—an 
increase of over 200% on the first two years. From this, some 
appreciation of the rate of growth of this load can be assessed. 

In this Sub-Area we are more attracted to the solid p.v.c. 
type of installation, mainly, of course, because it is the cheapest. 
Cheapness in this case does not necessarily mean nastiness. 
If we can fit and forget this type of installation it would be a 
very fine thing indeed. In my own home, which was recently 
built, I have installed some 12kW of floor heating, solidly 
embedded, and of this I am using 9kW, the other 3kW being 
spare circuits which were laid in case of failure. However, if 
this failure is brought about by subsidence or cracking, I have 
no doubt that the spare circuits will fare just as badly as the 
circuits being used. I can speak very highly of the comfort 
conditions engendered in floor warming, and, in addition, the 
drying out of the premises was infinitely faster than would 


normally have been the case. 
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I have not yet completed a full 
year’s use, and so it would be unreasonable to attempt to give 
a firm estimate, but I am quite happy about the cost and I think 
it is well worth the comfort conditions attained. 

We have some flats in this area, but, unlike those mentioned in 
the paper, they have only three storeys. We rather envy the 
7- and 11-storey types where a number of floors are sandwiched, 
but subsidence problems in this area preclude this weight of 


_ building. There is no doubt that, in the 3-storey flat, the rate 


of consumption in each floor does show a marked difference 
and seems to average a ratio of 1 (ground floor): 0-8 (Ist floor): 
1-3 (2nd floor). 

I agree with the authors that night storage, taking advantage 
of off-peak tariffs, is a load that will develop, and there is every 
indication that it will be possible to hold the off-peak tariffs 
for some considerable time to come. In fact, present indications 


are that tariffs could tend to become more favourable to night 


storage. 

We are introducing a new conception of heating in residential, 
commercial and industrial premises, and this requires a new 
conception of architecture. Tremendous savings are possible in 
the design of buildings without flues, but a great deal of care 
has to be devoted to the heating properties of building materials. 
A light type of structure will not have enough thermal capacity 
for satisfactory heating, and similarly, too heavy a structure 
could absorb heat ad infinitum. A balance has to be struck 
between these types, and a sound study of thermal insulation 
must be made. I appeal to any architects or builders to take this 


matter of storage heating very seriously, since I am sure that it 


has a tremendous future and will affect the building industry 
to a great extent in the future. 
Messrs. J. W. Moule and W. M. Stevenson (in reply): In view 


_ of the large number of contributions, the many points raised and 


the fact that several persons often made the same point, indi- 


_ vidual contributors are not referred to by name. 


Heat Flow from Warmed Floors—Thermal Insulation.—It is 
agreed that, given a dry site, thermal insulation underneath the 


| _whole of the concrete floor is unnecessary and indeed can be a 


disadvantage in that the subsoil is not available for additional 
heat storage. In these circumstances the fringe insulation shown 
in Fig. 11 is recommended. Full thermal and damp insulation 
giving a ‘tanking’ effect is, however, necessary if the site is 
inherently wet. i 

When the provision of fringe insulation is particularly difficult, 
as in the case of the building constructed on a concrete raft, the 
cost may not be worth while, having regard to the relatively small 
savings in annual consumption. 

With multi-storey flats, insulating material usually covers the 
whole of the floor area, giving sound as well as thermal insulation. 
The insulating material is turned up at the perimeter of the floor 
and prevents loss of heat into the main walls of the building. 

Floor Surface Temperatures.—The limitation of the floor 
temperature to 73°F relates to average temperatures between 
‘charging’ cycles. The temperature may be somewhat higher 
immediately after switching off the supply and will fall slightly 
until the supply is re-established. No discomfort is experienced if 
the average temperature during this period does not exceed 75° F. 

Floor Coverings—When a warmed floor is covered by a 
carpet the temperature of the concrete builds up until a sufficient 
temperature difference is created between the underside and the 
surface of the carpet to permit passing the necessary amount of 
heat to warm the room until the room thermostat operates. 
With a hot-water cylinder, the temperature of the water is con- 


- trolled and the lagging is, of course, a much better thermal 


insulator. sat. 
With regard to the generation of static electricity in carpets, 
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this has nothing to do with floor warming except in so far as 
the carpet is thereby kept free of moisture. 

Building Heat Loss.—Details of the thermal properties of 
building materials can readily be found in Reference 6. 

Electrical Loading and Seasonal Electrical Consumption.— 
Questions raised about these sections of the paper bring out the 
fact that, on both counts, an electrical floor-warming installation 
gives better results than would be expected from conventional 
heating calculations. The only ready explanation is that the 
present general approach to heating problems has been built up 
on long experience with orthodox heating systems, and the 
entirely different characteristics of floor warming need quite a 
new outlook. There can be no gainsaying the fact that, in 
general, the results from floor-warming installations have been 
better than would have been expected from original estimates of 
the performance. 

Floor warming is able to meet an exceptionally cold period, 
as the heat stored in the floor would provide any extra warmth 
required if the daily heat requirements exceeded the maximum 
daily heat input. 

Control.—Internal thermostats are always necessary in order 
to fix the general level of warmth required in the particular space 
of the building. Thermo-time regulation can also be justified, 
except with quite small buildings, as the additional cost is quickly 
repaid by annual savings in electricity consumption. Without the 
minimum input of four hours recommended in the paper, there 
is a danger that the floor might, during warm weather, gradually 
lose its store of heat and be unable to meet a sudden spell of 
cold weather. 

Undoubtedly, the use of supplementary heating in dwelling 
houses can complicate the control problem, since it may post- 
pone the switching of the floor-heating thermostat with the result 
that the floor is unable to obtain a sufficient heat input during 
the night. Electrical supplementary heating is not a great 
problem, but a solid-fuel fire with its resultant heating of the 
fireplace and surroundings can have the effect of delaying the 
switching in of the floor heating until well into the night. 

Types of Electrical Floor Warming —A considerable number 
of contributions were made to this section of the paper, most 
being requests for further information. 


(a) Heating cables used in metallic tubing are usually of 
the ‘twin-core’ type with the remote ends connected. This 
obviates any inductive effect either in the tubing or the 
expanded-metal heat diffuser. 

(b) The use of very dry mix is always preferable and is 
essential if the maximum mechanical strength of the floor is 
important. There is no appreciable difference in the laying 
time of the screed itself or in the subsequent annual electricity 
consumption, although less electricity would be used for drying 
out the screed. 

(c) An earthed screen over a p.v.c. cable is usually required 
by the Factory Inspector for buildings subject to the Factory 
Regulations. 

(d) In our view, a heat diffuser is effective in securing uni- 
form transmission of heat through the concrete screed, and 
therefore a uniform floor surface temperature. As the distance 
between adjacent cables is reduced, the need for a heat diffuser 
is lessened. 


Particulars of Some Actual Installations—So far, we have 
experienced no difficulty in fixing machinery in factories employ- 
ing floor warming. Except for very heavy machines it is 
unusual for factory floors to be broken, as pads and adhesives 
make this unnecessary. In any event, large machines require 
special foundations, and the layout of the floor-warming installa- 
tion can be designed accordingly. 


SIP 


Moreover, no difficulty has been experienced from the entry 
of vermin into floor-warming troughs and ducts. This should be 
impossible if the installation is carried out with reasonable care. 

With regard to multi-storey flats, the relatively small amount 
of concrete in the intermediate floors renders a midday boost 
essential if comfort is to be maintained during the afternoon. 
The heavier the construction, the more likely is the building to 
have good thermal characteristics. However, the present trend 
of building construction, unfortunately, is to err on the light side, 
and, in consequence, care must be taken to ensure adequate 
insulation to counteract excessive heat loss from modern types of 
buildings. Water heating operates quite satisfactorily on an off- 
peak tariff with a midday boost, and, although this might lead to 
some increase in the demand experienced in the evening, it is nota 
serious matter for the Area Board compared with the possibility 
that, if unrestricted in use, the water heaters would add sub- 
stantially to the maximum demand. 

With two-storey dwellings, a really warm hall on the ground 
floor undoubtedly helps to provide some warmth throughout the 
upper floor. Floor warming could be installed in a wooden 
first floor, but, as bedrooms are usually involved, it is not 
generally regarded as worth while. 

Tariffs—Several questions about Area Board tariffs and the 
C.E.G.B. bulk-supply tariff should be directed to the particular 
Area Board concerned. Undoubtedly, a low differential between 
the follow-on rate of the standard domestic tariff and the off-peak 
tariff militates against the development of floor warming in 
dwelling houses, but even a 20°% differential makes it worth while 
if ‘full house’ floor warming is in mind. 

As with multi-storey flats, a midday boost is essential for the 
average dwelling house in view of the smaller amount of concrete 
in the floor compared with a heavier building. 

Economics of Electrical Floor Warming as compared with other 
Heating Systems.—Several contributors referred in some detail 
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to Table 2, criticizing some of the figures brought out. In i 
comparing tons of coal or oil with kilowatt-hours of electricity, i 
it must be remembered that: j 


(a) Electricity is applied at the point where the heat is; 
required, whereas with boiler installations the hot water or’ 
steam has to be transmitted from the boiler house to the point . 
of application. | 

(b) The total heat input to the building with floor warming ; 
is appreciably less than that required with conventional heating ; 
systems. A lower air temperature will provide equivalent | 
comfort conditions, and moreover, owing to the even lower 
average air temperature, the building heat loss is reduced with | 
floor warming. | 

(c) In calculating boiler efficiencies, insufficient attention is | 
often paid to the fact that the efficiency in question is the: 
average operating efficiency of a boiler throughout the full 
year. This must be appreciably lower than the test efficiency, 
particularly when regard is paid to the fact that the boiler plant 
has to operate under reduced loadings during the summer 
months. 


We provided the footnote to Table 2. The calculations on 
the right-hand side were, as stated, compiled by an architect. 

Reference was made in the discussions to the importance of” 
taking a forward view when deciding on the method of space- 
heating a building. In this connection it was suggested that, 
with the advent of the nuclear power station, the costs of 
off-peak electricity would become more favourable in compari- 
son with other fuels. We fully support this point of view, and 
undoubtedly, if those responsible for new buildings endeavoured 
with open minds to take account of the possibilities, say, 20 or 
even 10 years hence, there can be no doubt that electrical floor 
warming would rapidly take its place as the principal method of | 
space heating in new buildings. | 


DISCUSSION ON 


‘EARTHING OF LOW- AND MEDIUM-VOLTAGE DISTRIBUTION SYSTEMS 
AND EQUIPMENT’* 


Before the NORTHERN IRELAND CENTRE at BELFAST 9th December, the IRtsH BRANCH at DUBLIN 11th December, 1958, a JoINT MEETING of the 
WESTERN SUPPLY GROUP and the SOUTH-WESTERN SUB-CENTRE at PLYMOUTH 16th April, and the SHEFFIELD SUB-CENTRE at SHEFFIELD 


20th May, 1959. 


Mr. E. N. Cunliffe (at Belfast): The author has made out a 
good case for protective multiple earthing, but it would seem that 
the separate-earthwire system would be even better were it not 
for the extra cost of the additional conductor and the possibility 
of its breakage. These two disadvantages are important in 
extensive l.v. distribution systems, but it should be remembered 
that quite a large part of our rural development is now taking 
place using single-phase h.v. distribution with small transformers 
installed very close to individual consumers. In such cases the 
separate-earthwire system would appear to be an attractive one, 
since the extra conductor, being extremely short, would cost 
very little. Moreover, the risk of a broken earth return could be 
practically eliminated by bonding it to the neutral at either end, 
so forming, in effect, a small p.m.e. system with duplicate neutral. 

Since this danger of a broken neutral conductor is the main 
risk with p.m.e. systems, there are also other measures which 
could be taken towards an improvement. For instance, all 
service neutrals could be duplicated. Atthe same time, consumers’ 


* Matuer, F.; Paper No, 2420S, October, 1957 (see 105 A, p. 97), 


earth-continuity conductors could be arranged in the form of a 
ring main at little extra cost, so that a single break would not 
affect continuity. Also, in a comprehensive overhead distribution 
scheme it may be possible to join together the neutral conductors 
at the far ends of adjacent radial distributors in favourable 
cases. 

Mr. E. S. Ritter (at Belfast): Any protective system should 
provide an indication of when it has operated and when the 
operating conditions are faulty. The latter condition is not 
always met in rural areas, and some form of periodical check 
test by the supply authority is indicated. 

i Why are differential-current earth-leakage circuit-breakers not 
in general use? This would seem to be the ideal protective 
method. Where single-phase transformers are connected across 
two phase wires of the h.v. system, should an electrostatic 
earthed screen be placed between the two windings to prevent a 
capacitance current flowing to earth through the l.v. earth con- 
nection? There is a voltage of 0-58 times the h.v. phase voltage 
across the two windings. Has sufficient thought been given to 
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_ the advantages of single-phase 3-wire distribution for feeding a 


number of consumers along a road with a balancing transformer 


_ attheend? The addition of one conductor will halve the voltage 
_ drop, and the neutral can be broken without appreciably altering 
. the neutral-to-earth or the appliance-to-line voltage. One of the 
_ live conductors could break, and, except for the leakage to earth 
_ of the broken end, the supply conditions would remain; only if 
_ both a neutral and a live conductor were broken would diffi- 
- culty arise. If desired, the line could be fed with power from 
-. both ends, in which case both transformers would act as balancers : 
in addition, a balancing transformer could be placed at the 


half-way point. 
Mr. W. Szwander (at Belfast): The subject of adequate protective 
measures to be adopted for preventing dangerous voltages on 


_ metallic surrounds of electrical apparatus is one of the oldest 


controversies still not finally settled—as is proved by numerous 


_ discussions and publications still appearing on the matter. Of 


the original alternatives, the application of insulation is now 
limited to the replacing of metallic surrounds by insulated 
materials; protective circuit-breakers, owing to their cost and 


_ the considerable maintenance required, are limited to special 


cases where both excessive voltage to earth and leakage current 
must be limited; earthing appears to be the most satisfactory 
measure and has become most widely used, but there are circum- 
stances when it cannot be successfully (and economically) 
applied; such difficulties are also expected to increase in the 
future, with the growing use of insulated water pipes and plastic- 
sheathed electric cables. The combination of earthing with 
neutralizing, in the form of protective multiple earthing, appears 
to be the only possible solution in many difficult cases. The 
outcome will not be one prescription for all cases, but judicious 
application of the right measures for each set of individual cir- 
cumstances. On the other hand, I can see only advantages 
arising from applying p.m.e. where earthing has so far been 
chiefly used, e.g. in underground networks, where each consumer 
could be requested to provide his own earth (as good as can be 
easily obtained), but his earth-continuity lead and the earth con- 
nection would be connected to the service-cable neutral con- 
ductor, as well as to the metallic protective sheath. The use of 
the neutral conductor inside each consumer’s installation in the 
place of the earth-continuity conductor is a matter also deserving 
serious consideration, since it can result both in savings and in 
an increase of the general safety standard. ~ 

Co-ordination is essential! between safety measures undertaken 
in the supply system and the consumer’s installation, and while 
this is by no means an accepted practice, it should be the supply 
authority’s responsibility to give every consumer access to a 
terminal for connecting his earth-continuity conductor, such 
terminal being either a plain earth terminal or a neutral-connected 
terminal when p.m.e. is used. While a supply authority would 
naturally satisfy itself as to the effectiveness of the measures 
adopted, a form of indemnity, either through suitable legislation 
or through proper wording of supply agreements, would probably 
be desirable. 

Mr. N. C. C. De Jong (at Belfast): The Post Office is interested 
in p.m.e. because earth signalling is used on some of our overhead 
lines and the field caused by varying currents in the neutral can 
give rise to interference. Our experience of the system, however, 
has been most encouraging, and we should like to see it adopted 
generally. We use earth-leakage circuit-breakers in those 
telephone kiosks which are supplied from overhead mains. In 
this case, the generally low resistance offered by the kiosk itself 
and its connection by our own wires to exchanges may not allow 
us to adopt p.m.e., but tests are being made to determine the risk 
involved. Reference has been made to the use of earth strips 
laid at shallow depths. The Post office considers deep-driven 


rods to be more economical and certainly more effective where 
they penetrate beyond low-water level. 

Mr. W. H. English (at Belfast): The maximum test currents 
mentioned in the paper are those corresponding to 3 and 6 kW 
loads. It would be interesting to know the rating of the largest 
fuse protecting any consumer’s installation connected to a p.m.e. 
system of the types described. 

What would be the maximum current-carrying capacity of the 
earthing leads and earth electrodes at the various premises 
described, and would this capacity be sufficient to cope with the 
maximum current permitted by the consumer’s main fuse? Would 
the resistance of the earth loop remain constant or vary with the 
current flowing ? 

If a phase-to-neutral fault occurs on the distributor, there will 
surely be a danger of a momentary rise in voltage at points along 
the neutral conductor and hence in all earthed metalwork. 
Would not such instantaneous voltages be dangerous in most 
instances? 

Mr. R. A. H. Jackson (at Dublin): Until electricity supply came 
to be extended beyond the limit of municipal water mains, 
highly satisfactory earthing was readily available for the class of 
consumers covered by the paper. Indeed, it was so good that 
a broken neutral connection in the service or installation might 
remain unnoticed until tragically revealed when a plumber cut 
the pipe. 

However, the problem of earthing became urgent when supply 
began to be extended into rural areas, where direct earthing 
generally meant connecting the earth-continuity conductor to an 
earth electrode provided by the consumer and having a resistance 
exceeding 50 ohms. It was thought that the difficulty of effectively 
guarding against shock and fire would be secured by the use of 
earth-leakage circuit-breakers. In practice, however, it has been 
the experience that these fail, owing to the mechanism sticking 
and the coil burning out. Lightning also caused coil failures, and 
making the neutral the top conductor in overhead networks did 
not eradicate this weakness. In consequence, p.m.e. has been 
coming into favour and much has been written on the subject. 
The real merit of the paper lies in the record of field tests on rural 
networks. These have demonstrated that the safety secured by 
p.m.e. was better than theory would suggest; this evidence and 
the apparent unfounded fear of broken neutrals advance the 
claims that have been made for it. However, experience has 
shown that: 

(a) Weak connections which could cause an open-circuit can 
occur, and this and other considerations would suggest that there 
should be two connectors or preferably a compression connector, 
suitably weather-proofed where necessary, at every joint in the 
neutral up to the consumer’s meter. 

(6) There should be no delay in the protecting fuse blowing for a 
short-circuit at any point right up to the meter. 

(c) Reasonably good, secure and approximately equal earthing of 
the neutral should be made before the first consumer of, and at the 
end of, all overhead networks. 

(d) There should be some evenly distributed neutral-conductor 
earthing between these points. iia 

(e) Ordinary direct earthing to an electrode or metal water piping, 
at each consumer’s premises where ‘earthing’ is necessary, should be 
joined to the neutral. 


The danger of a high voltage appearing on the neutral due to a 
breakdown of insulation on the h.v. side at a transformer site is 
not realized where the h.v. star point is not directly earthed. 

The fire risk of ‘earth’ faults is not covered in the paper, and 
under certain conditions with a neutral break it could occur that 
an earth-continuity conductor could come into circuit to carry 
current above its safe capacity. 

Mr. H. Montgomery (at Dublin): At the inception of the rural 
electrification scheme in 1946 we used earth-leakage relays 
everywhere, since direct earthing was impossible. These proved 
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(a) Earths the neutral at all end-poles, and if this does not give | 


unreliable, and tests taken in rural areas showed an average of 
25% inoperative. Furthermore, the first cost of the relays was a 
deterrent to the provision of socket-outlets, and consumers were 
in many cases wiring for lighting only. Cattle were being killed 
by step voltages at earths, caused by persistent earth faults which 
defective earth-leakage relays failed to clear. (As a protection 
against step voltages all earths are now insulated for 12in above 
and 18in below ground.) In 1954 we adopted p.m.e. which we 
called ‘neutralizing.’ It was appreciated that this did not give 
100% security, but it gave a high degree of security which was 
lacking with earth-leakage relays. Since then we have connected 
about 120000 consumers, all of whom are in p.m.e. areas. 

Experience of p.m.e. has been satisfactory, the only recorded 
cases of shocks due to it occurring where the phase and neutral 
were inadvertently interchanged at a pump motor and the earth- 
continuity conductor had not been extended to the motor, but 
the motor body had been earthed to the neutral. In this country 
the ‘handyman’ electrician is a risk which has to be reckoned with 
in rural areas. 

The paper brings out the importance of having a consumer’s 
earth electrode as security against a broken neutral, and this is 
now required by the Electricity Supply Board in p.m.e. areas. 

Why was 10 ohms chosen for the maximum permissible 
earth resistance for p.m.e., and what is done where it is not 
economic to achieve this value? 

Why has the North Western Board not made it obligatory for 
consumers to provide an earth electrode? 

Mr. M. G. Byrne (at Dublin): In Fig. 7 it might have been 
interesting to have voltage readings for Chadderton Heights farm 
had the break in the neutral been made between Chadderton 
Heights and Nod farm. 

In the Dundalk district, p.m.e. had been found to be a very 
satisfactory answer for small villages recently connected to public 
water mains, where it was not found economical to reduce the 
mains neutral earth to a figure suitable for direct earthing. 

Mr. B. Macquillan (at Dublin): In the country areas of Ireland 
the 10kV neutral is unearthed (except through a voltage trans- 
former for earth-fault signalling). The earth-fault current at a 
rural distribution transformer is thus limited to a capacitive 
current of about 5-15 amp, which would cause on an adjacent l.v. 
neutral earth only a small fraction of the voltage rise which would 
occur had the 10kV neutral been solidly earthed. The substation 
frame and l.v. neutral earths may thus be closer together without 
danger. Some telephone interference has been experienced in 
the past in this country with the l.v. neutral earthed at more than 
one point. At heavy load periods the voltage drop along the Lv. 
neutral conductor becomes, with multiple earthing, a voltage 
drop along the ground. With a telephone subscriber and the 
telephone exchange located close to the two different neutral 
earths, sufficient potential is available to ring the subscriber’s 
telephone bell when the exchange is using the central-battery 
signalling system. The trouble disappears when the exchange is 
changed to a more modern system. 

Mr. T. McKenna (at Dublin): Up to 1954, p.m.e. was permitted 
in this country, provided that an earth resistance of 10 ohms 
could be achieved. It was seldom, if ever, used. In 1954 the 
earth-resistance requirement was extended to 50 ohms for 
networks with less than 50 poles and at least every second pole 
was earthed. In 1955 the regulations were relaxed and a graded 
scale introduced with 10 ohms for a 50-pole network, 50 ohms 
for a 6-50-pole network, 75 ohms for a 2-5-pole network and 
200 ohms for a one-pole network with a special earth wire run 
back to the neutral connected to this special wire. A minimum 
number of earth electrodes are specified for each type of network. 
Our procedure now is that the field engineer designs his networks 
and proceeds as follows: 


the required minimum number of earths, other poles are earthed. — 
(b) If the earth resistance is below the specific value, the network 
is passed: if over it, a fixed amount of earthing material is added. | 


This procedure simplifies the work for the engineer in the field, 


saves time, reduces cost and, we feel, gives as safe a network as it | 


is economically possible to get. 
I should like toknow whether the 10 ohms presents a stumbling- 


block to p.m.e., for I am sure that the country south of the 
Scottish border, around the Lake District and in the Pennines, 
is similar to ours. 

Mr. A. F. Kelly (at Dublin): Protective multiple earthing 
provides a very good level of protection, but it is very necessary 
for the consumer’s installation to be properly wired. In this 
respect, do the North Western Board permit isolated sections of 
an installation to be bonded to the neutral at their feed points, 
or is it necessary to run an earth-continuity conductor back 


from each section to be bonded to the neutral at the service 


position? 

Mr. J. W. O’Neill (at Dublin): Since the consumer’s earth- 
continuity conductor is solidly connected to the neutral, why 
provide this third conductor rather than connect the frame earth 
to the neutral at each piece of equipment? 

Mr. E. V. Cleary (communicated): The author’s recommenda- 
tions on the earthing arrangements for indoor-type distribution 
stations in cities would be of interest, particularly in relation to 
the metalwork of h.v. switchgear, the l.v. board, the transformer. 
tank, the l.v. neutral, and cable sheaths. How are these recom- 
mendations affected if the system is operated with the h.v. 


neutral insulated and if the l.v. system is partly underground, | 


and partly overhead? 


Mr. T. G. Ward (at Plymouth): I note that there are a consi- — 


derable number of p.m.e. systems with only one consumer. A 


useful arrangement would appear to be to earth the neutral at the | 
consumer’s meter position only. This is not p.m.e., and it is 


unnecessary to get the earth resistance down to 10 ohms. The 


only purpose of the earth connection is to ensure blowing of the | 


11kV fuse if an h.v./l.v. fault develops in the transformer 
winding, for which a value of 50 ohms has been found acceptable. 
Breakage of the l.v. neutral merely interrupts the supply and does 
not cause a dangerous condition. 

I disagree with the author’s dismissal of direct earthing using 
overhead earth wires. The simplest and cheapest method of 
providing earth electrodes on p.m.e. systems is to bury a galvan- 
ized-iron earth rod in the pole hole. Tests made on a large 
number of such rods indicate that the average resistance is about 
60 ohms. An l.v. system of some six or seven poles is therefore 
required to obtain an overall resistance of 10 ohms. The cost of 
improving this earthing on small systems of up to, say, four poles 
appears to favour the use of a direct overhead earth wire. 

Another matter which can cause difficulty is in the testing 
of consumers’ earth-continuity conductors. The p.m.e. regula- 
tion says that each circuit must be tested with 10 amp for 5 min. 
The recent requirement of The Institution’s Wiring Regulations 
for earth-loop testing has resulted in a crop of instruments being 


available, very few of which are suitable for testing installations 


on p.m.e. systems, because either the rating is inadequate or the 
circuit unsuitable. 

Mr. L. H. Shelley (at Plymouth): Table 4 indicates a tendency 
for earth resistances to increase, and the dates given (1953 and 
1957) suggest a definite upward trend in the majority of the 
positions. Were any particular steps taken to mitigate this, 
such as the use of the chemically treated clay put forward as 
being of great value in reducing earth resistances? Walues were 
presumably checked between 1953 and 1957: was any definite 
reason for the increases ascertained, and did extraneous condi- 


| 


| 


tions, such as weather or any other feature, have any bearing on 

e results ? 

Another important point which may be of some value in the 
efficacy of p.m.e. is that each earth lead on a consumer’s installa- 
tion should be brought separately to the earth point of the 
overhead service. The earth of a particular circuit has been 
known to be broken, thereby placing some of the installation in 
i jeopardy. The extra cost of doing this is small compared with the 

increase in safety derived. 

__ The economic considerations of an overhead rural scheme now 

proposed mean that, with the scattered position of most of the 

farms and dwellings, it is more advantageous to extend the h.v. 

System and have small transformers for all premises. Arising 

out of this, therefore, it would appear that p.m.e.’cannot be so 

_useful and its use is therefore likely to wane. I should like the 

_author’s opinion on this point in so far as the economic radius of 

_l.v. lines is now somewhat limited to 100yd or so, bearing in 
mind voltage drops and all the necessary details which have to 
be observed. 

_ Mr. W.R. Rowe (at Plymouth): It is understood that the North 
Western Board’s resolution in 1953 regarding earthing refers only 
to new consumers, and to certain other cases where an exten- 

sion of the consumer’s installation has been undertaken. In 
the South Western Board’s Area the majority of new rural 

consumers are being connected by p.m.e. installations, where, in 
effect, an earth terminal is provided; and in urban areas, where 
our underground cables are lead-sheathed and plumbed, an 
earth terminal is also available, subject to an indemnity. 

In effect, therefore, the policy adopted by the North Western 
Board would not appear to be quite so all-embracing as at first 
sight. What is the proportion of consumers whose earthing 
responsibilities are now undertaken by the Board (and in the 

intervening 54 years), and are there any proposals for dealing 
with much larger proportions who still appear to be responsible 

for their earthing arrangements? 

Mr. H. Anderson (at Sheffield): The author calls attention to 

the fact that, with a broken neutral on a p.m.e. system, the 
_voltages measured are not so great as might be expected, because 
the potential of the fabric of the building rises. Almost the same 
state of affairs arises with an uncleared fault on a directly 
earthed system. I once collected data of 64 cases of shock 
suffered by electricity consumers in a poor earthing area, and in 
none of these was anything worse than incenvenience suffered. 
Indeed, in one instance a consumer had suffered shocks for some 
time without having done anything more than binding all his 
taps with insulating tape. In such instances with direct earthing 
there is something to be said for bonding together all metalwork 
in the proximity of the installation. The trouble occurs when 
one attempts to get outside of this ‘Faraday cage’. 

Attention has been paid by some Area Boards to installing 
small circuit-breakers in place of the usual service fuses. Such 
circuit-breakers are now becoming competitive in price when 
h.b.c. fuses may have to be renewed. There would appear to be 
particular advantage in using them in rural areas, where distances 
are considerable and premises are relatively inaccessible for the 
replacement of blown service fuses. It would not be a difficult 
matter to fit them with a voltage-operated earth-leakage trip 
coil, and the whole unit would be on the supply side of the meter 
and under the control of the supply authority. Several modern 
types of leakage trip are provided with lightning protection, 
which is one of the hazards to which these devices are particularly 
prone. The additional cost of the overload and earth-leakage-trip 
circuit-breaker would be partly offset by crediting the cost of 
supply authority fuses. 

When a consumer unit of the E.D.A. type is used in a rural 
area, the double-pole main switch usually fitted can be omitted 
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and replaced by a double-pole leakage trip, which is about the 
same price as the main switch. 

The relaxed p.m.e. regulations require that, except in a system 
with a single distributing main, no linked switch shall be fitted in 
any main. Can the author explain what is meant by this? It is 
not usual to fit a switch in a distributing main, but does this imply 
that only single-pole switches are to be employed if this is done? 

Does the author advocate bonding of gas pipes to the protective 
metalwork and the neutral? This would appear to be necessary 
if the whole building fabric is to rise in potential, and it also 
appears to be necessary under the p.m.e. regulations, since it is 
almost certain to be near the electrical installation. I can foresee 
a danger of a fire risk, however, if the gas pipes are bonded in. 

The author is not quite fair in saying that under broken-neutral 
conditions the shock risk will be less than with other methods of 
earthing commonly used. Shocks will arise with other methods of 
earthing (ignoring direct earthing) only if a breakdown of the 
system occurs as well as a faulty appliance. With p.m.e., 
however, shocks of some kind will be experienced by all con- 
sumers on the system who have cause to handle their apparatus, 
without any apparatus fault, if neutral discontinuity arises. The 
author has made his point by stressing that with careful design 
the chances of a neutral breakage are extremely unlikely. 

Mr. F. Mather (in reply): Mr. Cunliffe—Where a transformer 
supplies an individual consumer there is no need to provide a 
separate earth wire. Earthing of the neutral at the consumer’s 
premises only is a safe and economical arrangement. Experience 
shows that the risk of neutral breakage is small and the p.m.e. 
regulations provide a high standard of safety without duplication 
of conductors. 

Mr. Ritter.—Differential-current earth-leakage circuit-breakers 
are not in general use because simpler, cheaper and more compact 
equipment is usually adequate. 

Mr. Szwander.—It will be surprising if the use of p.m.e. does 
not extend into underground networks, as it has abroad, and 
I agree that appreciable economies can result in consumers’ 
installation wiring. 

Mr. De Jong.—It is useful to have further confirmation that 
the Post Office do not find p.m.e. objectionable. 

Mr. English_—In general, the service fuse will have a rating of 
60 amp and the largest consumer’s fuse 30amp. The rating of a 
7/:044 earthing lead is approximately 900amp for 1sec and 
400 amp for Ssec. The current-carrying capacity of earth elec- 
trodes is never a limiting factor in this application, and the 
resistance of the earth loop is unlikely to vary appreciably with 
the magnitude of current involved. 

With a phase-to-neutral fault on the distributor the fuses would 
blow quickly. There would be a brief elevation of neutral 
voltage, but this could not exceed 120 volts and would generally 
be much lower. The measurable shock voltage would be 
unlikely to exceed half the calculated figure. 

Mr. Jackson.—It seems unlikely that trouble will be encoun- 
tered due to earth-continuity conductors being overloaded. 

Mr. Montgomery.—The choice of 10ohms as the maximum 
resistance of the neutral to earth was partly the result of a 
statistical analysis of shock risk and partly to ensure that the 
high-voltage protection would operate for faults between h.v. 
and l.v. windings of transformers. It is not usually difficult or 
costly to achieve a figure of 10 ohms, but in rare cases the use of a 
continuous earth-wire or earth-leakage circuit-breakers might be 
justified. 

An Electricity Board is not entitled under the Protective 
Multiple Earthing Regulations to require a consumer to provide 
an earth electrode. Nevertheless, an electrode in some form, 
e.g. a water pipe, is often available. 

Mr. Byrne.—The cost of reducing neutral-point earths to a 
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value suitable for direct earthing can be considerable, and the 
choice of p.m.e. in the circumstances described seems a wise 
one. 

Mr. Macquillan.—Several telecommunication engineers have 
now confirmed that telephone interference has been reduced 
after the adoption of p.m.e. 

Mr. McKenna.—Until recent years the British p.m.e. regula- 
tions required an overall resistance from neutral to earth of not 
more than 2 ohms, with electrodes not exceeding 4 ohms and 
10 ohms respectively at stipulated positions. The relaxation to 
10 ohms has largely eliminated the difficulty. 

Mr. Kelly.—The consumer’s earth-continuity system is carried 
to the service position and connected to the neutral at that point 
only. 

Mr. O’ Neill.—The Institution’s Wiring Regulations require an 
earth-continuity conductor but, as an alternative, permit earthed 
concentric wiring on p.m.e. systems. 

Mr. Cleary.—In city distribution systems, no adverse experi- 
ence has been reported to me resulting from common bonding 
of h.v. and l.v. switchgear, transformer, h.v. and l.v. cable 
sheaths. I have had no recent experience of operating with the 
h.v. system neutral insulated. 

A relaxation of the British regulations permits the use of p.m.e. 
subject to certain conditions, on overhead branch lines from 
underground systems with normal earthing. 

Mr. Ward.—There may be a few cases where a continuous 
earth-wire is slightly cheaper than p.m.e., but generally the latter 
is much more economical and has points of technical superiority. 


Simple equipment suffices for the test of the consumer’s earth 
continuity conductor. 

Mr. Ward’s point about the single consumer is agreed; p.m.e: 
was used in a few such cases for purposes of comparison. | 

Mr. Shelley.—No general upward trend has been reported in 
the overall resistance between neutral and earth on p.m.e 
systems. Despite the tendency to limit the length of L.v. lines 
the average number of consumers per transformer is four o 
five. The use of p.m.e. in such circumstances is economical and. 
technically sound. 

Mr. Rowe.—Figures are not readily available for the num! 
of consumers using the Board’s earthing facilities. Several of 
the larger authorities offered similar facilities, either in whole or 
in part, for about ten years prior to nationalization. When the: 
earthing arrangements of existing consumers are found unsafe: 
(e.g. owing to the use of non-metallic pipes by the water authority), 
it is generally possible to reach some mutually satisfactory 
solution. . 

Mr. Anderson.—In a system with two distributing mains, the 
earth at the transformer may be omitted, since there are others 
at each side of any possible neutral break. A switch in the neutral 
of either line would then be unsafe. 

Bonding the gas pipes is implicit in the regulations and should 
reduce rather than increase the fire risk. | 

With a properly designed p.m.e. system the shock risk is small, , 
even with a broken neutral. If a continuous earth-wire breaks, , 
there is not normally the advantage of distributed earths, and| 
the shock risk may be serious. ‘| 
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INTROLLED CIRCULATION 


ne Steam raising units of the most advanced design to be built by International Combustion for 
the Central Electricity Generating Board—the five 200MW units for High Marnham Power 
Station and the 550MW unit for Thorpe Marsh Power Station—will employ the controlled 
circulation system. 


STUDY THESE FEATURES 


@ POSITIVE CIRCULATION Positive and adequate circulation is assured to each and every tube, 
irrespective of firing rate. 


LOWER STRESSES The smaller bore tubes which are used in this system permit thinner walls and 
lower metal temperatures. 


@® QUICKER STARTING Positive circulation both from cold or banked conditions ensures equal and 
even temperatures throughout the unit. : 


ECONOMY The effective use of heating surfaces and their disposition permit lighter structures, 
with economy of space occupation and civil engineering costs. 
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One of the High Marnham 
manifolds leaving the works. 
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